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Roller-Smith Type R-2 Rotary Instrument Switches 
on your switchboard panels will multiply the useful- 
ness of instruments by making one do the work of 
several, For example, one ammeter connected through 
an ammeter switch can be used to read each phase of a 
3-phase circuit, thereby saving two ammeters. Or one 
voltmeter can be used to tieasure as many as seven 
different circuits simply by turning the rotary switch. 


Type R-2 Rotary Switches have bodies of unit con- 
struction with molded Bakelite for contact housings. 
Contact arms are silver plated brass, and contact 
points are silver buttons, riveted to the arms. Com- 
pression springs carry no current and assure ample 


2 
E! 
a 

/ 


ij 


aneueen 
: 
; 


aie 3 


contact pressure. Dust and dirt will not affect opera- 
tion of the switch because contacts operate in a 
vertical position. 


Standard Type R-2 Rotary Switches are available in 
88 combinations. Special. switches can be readily 
built to your requirements. Bulletin 1740, virtually 
a textbook on instrument and control switches, 
includes complete technical data for all Type R-2 
Rotary Switches—Instrument, Control, Auxiliary and 
Transfer—with diagrams of connections, switch 
developments and many application recommenda- 
tions. Send for your copy today. 


BROLLER-SMITH BETHLEHEM, PENNA, 


Canadian Plant: ROLLER-SMITH MARSLAND, LTD., Kitchener, Ontario 
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LTHOUGH the selenium rectifier 
has been hailed by some as a new 
Srelonment, the photoelectric and recti- 
| fying properties of selenium were dis- 
_ covered many yearsago. In 1932 selenium 
_ rectifiers were being used widely in Europe, 
_ and it was in that year that Fansteel Metal- 
_lurgical Corporation began investigating 
_the possibility of selenium rectifiers for 
railway signal service. In 1938 com- 
‘mercial production of selenium rectifier 
plates in the United States was commenced 
_ by a subsidiary of the International Tele- 
phone and Telegraph Company. The 
following year Fansteel selenium rectifiers, 
_ using International Telephone and Tele- 
- graph rectifier elements, were developed 
_ and introduced to railway, utility, and in- 
dustrial users. 
i Railway signal service is an unusually 
-- rigorous test of a rectifier. In this service 
rectifiers usually operate continuously; 
_ located in signal cases along the right of 
__Way they are exposed to extremes of sum- 
_ mer and winter temperatures, vibration 
_ from passing trains, moisture, and moder- 
ately corrosive atmospheres. Several thou- 
__ sand selenium rectifiers are operating under 
__ these conditions with complete satisfaction. 
~~ This article is based upon an intensive 
study of selenium-rectifier elements, both 
_ in the field and in the laboratory, by the 
author and his associates of the Fansteel 
engineering staff. 
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NOMENCLATURE 


For clarity, the following terminology is 
used: 
Plate: A single rectifier plate which in itself 
may be operated as a rectifier. 
Element: An assembly of rectifier plates in 
series, parallel, series—parallel, center-tap or 
bridge circuit. Rectifier elements usually are 
| made by assembling plates upon a center bolt 
~ or stud from which the plates are insulated. 
Rectifier elements also are called “‘stacks.”’ 


Fin: A square or round metal plate which 
~ performs no electrical function but is as- 
sembled in the element for the purpose of 
dissipating heat. 


Glen Ramsey is manager of the rectifier division of the 
Fansteel Metallurgical Corporation, North Chicago, IIl. 


The author expresses thanks to’ the following of his 
associates for assistance in compiling the information 

_ given in this paper: C. E. Holmes, Paul C. Dolken 
Stanley Fry, and James H. Hall. 
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‘The Selenium Rectifiet 


GLEN RAMSEY 
MEMBER AIEE 


A concise explanation of the 

construction and theory of opera- 

tion of the selenium rectifier is — 

combined with a comprehensive 

discussion of the effects of vari- 

ous applications on design by 
the author. 


Rectifier: May be a single plate or element, a 
group of elements, or a complete assembly 
with transformer and controls. 


Valve: A rectifier whose function is not to 
rectify a-c power but to block the reverse 
flow of direct current. 


Ambient temperature: In general this term re- 
fers to the air temperature immediately sur- 
rounding a rectifier element. In this article 
where ambient temperatures are given, they 
are the temperatures of the air below the ele- 
ment, before it has been heated by the recti- 
fier. 


The advantages of the selenium rectifier 
make its use desirable in a very wide 
variety of applications wherever any type 
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of dry-plate or metallic rectifiers may be 
used. High operating voltage per junc- 
tion makes for smaller elements or assem- 
blies of elements. At present selenium 
plates are being made that will operate at 
18 and 30 volts per junction. Blocking 
layers have been formed to withstand con- 
siderably higher voltages. However, they 
are not available for commercial use. The 
high current density at which selenium 
rectifiers may be operated for normal rat- 
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ing, as well as higher efficiency which these 


factors produce, also contributes to their 
advantage. Wide temperature ranges can 


be withstood, a feature which is absolutely 
Selen- 


necessary in aircraft applications. 
ium rectifiers have long life and low aging 
properties. Asa result of these advantages, 
the selenium rectifier is well established in 
the dry-plate rectifier field. y 

The field for good dry-plate rectifiers 
has expanded tremendously with the fast 
development of electronics resulting from 
the war. 
these requirements, and, in most cases it 
is the only rectifier of its type that will 
meet them. Although we already have 


applied selenium rectifiers and valves to 


many new “impossible” tasks, there is no 
reason to believe that we shall not continue 
to find more and more uses for them. Exi- 


gencies of the war have brought about 


fundamental changes in engineering philos- 


_ ophy with the result that difficult problems 
of application now are approached with — 


more confidence. 
CONSTRUCTION : 


The selenium-rectifier plate consists of a 


nickel-plated steel or aluminum back plate — 
(other metals also may be used), a thin 


layer of metallic selenium, a barrier layer, 


and the front electrode (see Figure 1). 


The back plate acts only as asupport. The 
barrier layerisformed between theselenium 
and the front electrode. Current flows 
freely from the back plate to the front elec- 
trode but is_blacked in the reverse direc- 
tion. Suitable contact to carry away the 
current is made to the front electrode by a 
spring washer or other means (see Figure 
2) oe be selenium rectifier is a one-piece 
rectifier requiring no high-pressure contact 
for rectification. As a matter of fact, 


- high pressure on the barrier layer is detri- 
mental. 


In normal construction, no front 
electrode is applied to the center of the 
plate and, subsequently, no barrier layer 
formed. This permits pressure to be ap- 
plied to the spacing and limiting washers 
without affecting the reverse resistance. 

A center contactor® has been developed 
whereby the spring (petal) washer is elimi- 
nated and a solid contact washer is used 
(see Figure 3). Contact is made to an area 
in the center which is covered with an 
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The selenium rectifier has filled - 


- 


~ ter to 4%/, inches. 


. 


insulator and additional front. electrode 
over the insulated area. In the forming 
process no barrier layer is formed at this 
point, and no change in reverse resistance 
will result from pressure exerted on the 
assembly. 

Plates are assembled on bolts in the 


proper order for the rectifier assembly re- 


quired. As many as 24 to 40 plates may 
be assembled on one bolt, depending on 
size of plate and the plate spacing. Plates 
sizes vary from less than one inch in diame- 
Other plates larger or 
smaller are made for special applications. 
Selenium-rectifier plates are insulated 
from the center bolt by insulating tubing. 
In regular production, elements having 90 
or less volts output are insulated for 600 
volts alternating current. For output 


- voltages above 90 elements are insulated 


_ up to 3,000 to 4,000 volts. 


for 1,500 volts alternating current. Insula- 
tion on the elements alone can be furnished 
Further insula- 


tion generally is accomplished in the 
mounting brackets, 

For explanation purposes the selenium 
rectifier may be considered as a resistance 


HS a ee ee 


A 


washer 


Figure 3. Selenium rectifier in which the 
spring washer has been replaced by a solid 
contact washer 
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device which has avery high resistance in 
one direction and.a low resistance in the 


other, Current passes freely in the forward. 


direction (low-resistance direction), but 
only a very small current will flow in the 
reverse direction under normal operating 
conditions. 


THEORY OF OPERATION 


The next logical question is: ‘‘What 
causes these asymmetrical characteristics’’? 
In other words, ‘“‘What makes it a recti- 
fier’? Because of divided opinions on this 
phenomenon no attempt will be made to 
offer any new theory. One of the best and 
most logical explanations has been given 
by E. A. Richards,4 which follows. 

Any dry-plate or metallic rectifier must 
consist essentially of a semiconductor, a 
barrier layer, and a good conductor, the 
barrier layer being an insulator through 
which electrons can pass in either direction. 

In the selenium rectifier, the semicon- 
ductor is the selenium, the front electrode 
is the good conductor, and the barrier or 
insulator layer is formed between the two. 
If the selenium rectifier is compared to a 
cold-cathode-emitter rectifier, the front 
electrode is the cathode, the back plate 
the anode, and the selenium and barrier 
layers the insulator between the two. 

Considering the electron. theory, the 
action can be described as follows: In the 
good conductor (front electrode) there is an 
abundance of frée electrons (see Figure 4): 
In the semiconductor, selenium, the num- 
ber of free electrons is very small. When 
negative-electron potential is applied to 
the good conductor (front electrode) and 
opposite polarity to the back plate, an 
electric field is set up across the barrier 
layer.’ Because of the fact that the barrier 
layer is extremely thin, a small electro- 
motive force will produce a steep potential 
gradient. With this negative potential ap- 
_ plied to the front electrode, the free elec- 
trons are accelerated to sufficient velocity 
to penetrate the barrier layer and the 
selenium layer, establishing a conduction 
path for the flow of current in the opposite 
direction, that is, from the back plate to the 
front electrode. To support this theory, 
the selenium rectifier has high resistance 
in the forward direction at very low volt- 
The more potential applied, the 
more electrons are accelerated sufficiently 


to reach the back plate, and more current 


will flow through the rectifier. There is, 
of course, a limit to the voltage which may 


_be applied (see Fi igures 5 and 6). 


If the polarity is reversed, a different 
condition exists. Then the semiconductor 
(selenium layer) has to produce the free 
electrons. There being only a few free 
electrons in the selenium, only a very few 
will be able to penetrate the barrier layer 
and make contact with the front electrode. 
As a result, only a very small current will 
flow. This is called “reverse current” or 
“back leak.’ Study of a back-leak curve 
(Figure 5) discloses that as the reverse 
voltage is increased, the back leak in- 
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Figure 4. "Proportion of free electrons in 
the good conductor and semiconductor — 
layers of the selenium rectifier 


creases. This may be carried to a point — 
where rupture occurs because of the tre- 
mendous voltage gradient at a point WHE 
free electrons are present. 

If this explanation of the operation be ~ 
correct, then it can be assumed that thick- 
ness of the selenium layer will be a factor 
in the performance of the rectifier. This — 
has been found to be the case, the forward j 
resistance being a function of the selenium 
and barrier layer and the front electrode, — 
the reverse resistance the function of the © 
barrier layer. 

The barrier layer is probably the most 
important part of the rectifier as far as 
performance and stability are concerned. — 

After the selenium has been applied to 
the back plate, the selenium surface ex- 
posed is treated specially to produce the 
best and most stable barrier layer. The 
plate then is masked at the outside edge, 
and the center and front electrode applied. 
The front electrode is a special metal alloy _ 
which in conjunction with the selenium — 
and through subsequent treatment pro- 
duces an effective barrier layer. When the 
plate is completed mechanically, it! is 
formed electrically by applying direct, 
alternating or pulsating-direct current in 
the reverse direction until the reverse cur- 
rent reaches a predetermined value. Be- 
sides forming a stable barrier layer, this 
process cleans the selenium of any concen- | 
tration of free electrons too close to the ; 
front electrode. This cleaning process may — 
be evident on the surface of the front elec- 
trode in the form of a tiny rupture at the 
point of high concentration of free elec- 
trons in the selenium, This does not af- 
fect the performance of the rectifier. The 
forward resistance increases slightly during 
the formation process, 

Rectifiers left idle for long periods of 
time may relax, and, when tested at low 
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voltage, may have low reverse resistance, 
When full voltage is applied, the normal 
reverse resistance is restored at once. There 
is, however, enough lag to give high in- 
stantaneous currents. In practically all 
rectifier applications this may be disre- 
garded. However, on sensitive valve ap- 
plications it must be taken into account. 
Sometimes this characteristic is desirable, 
sometimes not, depending upon the appli- 
cation. 

If the rectifier is abused, either by over- 
voltage or current overload, especially in 
battery-charging applications, permanent 
damage can be done to the barrier layer. 
This, of course, results in high a-c and d-c 
back leak. After damage of this nature, no 
amount of normal operation or forming 
) process will restore the damaged barrier 
layer. 


GRADING OF PLATES 


Selenium rectifier plates are graded by 
forward and reverse resistance and ac- 
| cording to the type of rectifier circuit. 

Grading by forward resistance is prob- 
ably the most important, as plates that are 
operated in parallel should be matched 
properly to prevent unequal current dis- 
tribution. Slight variation in forward re- 
# sistance ean be tolerated, however, as those 
plates with lower resistance will balance 
} with the other plates as the rectifier ages. 

Although keeping the reverse resistance 
high is important, it produces no effect, 
except heating, in most circuits. In half- 
} wave rectifying circuits the output voltage 
across the load is affected by the reverse 
resistance of the rectifier because of the 
subtracting effect of the reverse current 
} through the load. This condition does not 
occur in other circuits, 

Plates are so graded and assembled into 
elements to produce a mean value of out- 
put voltage at the plate rating within plus 
or minus five per cent for resistance or 
inductive loads. 

Only plates of the same size can be con- 
nected together whether in series or paral- 
lel. To do otherwise would produce an 
unbalance of current in the plates which 
would cause the smaller plates to carry 
more than their normal capacity. 

It is not recommended that elements be 
reassembled, once they have been as- 
sembled for a specific application. 


PROTECTIVE COATING 


In general atmospheres which will dam- 
age other electrical equipment will have 
similar effects on selenium rectifiers unless 
they are properly protected. Fortunately, 
all of these conditions can be overcome, 
even to the extent of immersing the recti- 
fier in oil. 

Probably the worst offenders against 
selenium rectifiers are mercury, salt, and 
fungi. Coatings are available to protect 
against these conditions. Rectifiers gen- 
erally are coated before they leave the fac- 
tory except when for special reasons the 
coating isomitted. The coatings, however, 
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Figure 5. Static characteristic of a 
selenium-rectifier disk with an effective 
surface area of one square centimeter 


are no better than the manner in which 
they are applied and handled, after the 
rectifiers are finished. Care must be taken 
not to damage-the finish in handling, for 
once the finish has been scratched through, 
the rectifier is vulnerable to attack. 

Users of rectifiers should not apply or- 
dinary lacquers or other surface finishes to 
an unfinished rectifier, or to one that has 
been coated, without consulting the sup- 
plier. It is possible that the finish may be 
destructive, if applied directly to the plates 
or in combination with the finish already 
on the plates. 


EFFICIENCY 


The selenium rectifier has the advantage 


_ of high efficiency which is maintained over 


a wide range of output. Efficiencies range 
from 65 to 85 per cent, depending on the 
type of circuit and load (see Figure 7). 
Because of the nonlinear resistance char- 
acteristics, the efficiency remains practi- 
cally constant from 20 per cent to 140 per 
cent load. Best efficiency is obtained by 
operating the rectifier as near full voltage 
as is practical. The losses in the rectifier 
are a function of current and are the same 
for all values of alternating input voltage. 


REGULATION 


Because of the nonlinear resistance char- 
acteristics of the selenium rectifier, most 
of the output voltage regulation occurs 
between zero and 20 percentload. There- 
fore it is desirable, if regulation is impor- 
tant, to operate the rectifier between 20 
and 100 per cent load. 

In most applications this can be taken 
care of by selecting the proper capacity 


rectifier, so that the minimum load on the | 


rectifier will be between 15 and 20 per 
cent. The actual no-load condition is never 
of any importance, because at this condi- 
tion the output of the rectifier will not be 
connected to any load. If conditions are 
such that the minimum load is below 15 
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Figure 6. Static resistance characteristics 
of selenium rectifier disk with a surface 
area of one square centimeter 


Test made on one-inch-diameter plates 
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at full voltage per plate 


per cent and close regulation is necessary, 
then a bleeder load or other means of con- 
trol must be used. 

The fact that over half the regulation 
occurs in the first 15 to 20 per cent of load 
makes possible good regulation over 80 
per cent of thé load range. 

Regulation of the rectifier can be calcu- 
lated from the voltage-drop curves in 
Figure 14, by selecting the voltage drop at 
the minimum and maximum load condi- 
tion and solving for the direct voltage. 


Regulation on various sizes of plates and - 


loading is between 8 and 17 per cent from 
zero to 100 per cent load. 


CAPACITANCE 


Although selenium rectifier plates have 
capacitance, under practically all condi- 
tions the small capacitance present can be 
neglected. The capacitance per unit area 
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is a function of the voltage applied or the 
current being passed through the plate. 
By actual test at very low voltage and at 
1,000 cycles, we find the average capaci- 
tance to be 0.0155 microfarad per (cm)?. 
The capacitance is so small that it is not 
considered in designing power equipment. 


VOLTAGE AND CURRENT CHARACTERISTICS 


There are 21 plate-type numbers shown 
in Table II. These are made up from 
seven basic plates of which the various 
diameters in inches are: 3/,, 1, 13/s, 13/4, 
25/3, 33/s, and 43/,. To classify them so that 
references to them can be understood 
basic plates are numbered 1 to 7. Stand- 
are elements made from these plates have 
normal spacing of plates and no fins. By 
-wide spacing of the plates and the addition 
of fins, the ratings may be increased. 
These values for all circuits are shown in 
Table II. By increasing the rating of a 
plate in this manner, the efficiency of the 

rectifier may be expected to be reduced 
slightly because of increased voltage drop 
at the higher rate. This also must be 
considered when allowances are made for 


aging.» 
. TEMPERATURE RANGE 


The war has created a demand for equip- 
ment to operate over a wide temperature 
range. Selenium rectifiers are being 
operated in temperatures ranging from 
frigid stratosphere to steaming jungle. 
Plate temperatures as high as 75 to 85 de- 
‘grees centigrade are permissible, enabling 
rectifiers to be designed for ambient tem- 
peratures as high as 70 degrees centigrade. 

It is fmportant to maintain as small a 
change in output as possible over a wide 

_ temperature range. Figure 8 shows the 
per cent change in output of an average 
rectifier from approximately —40 to +130 
degrees Fahrenheit. The change over this 
range was only 8!/, per cent, which is re- 
markable when compared with other elec- 

_ trical devices. Figure 9 shows the a-c and 
d-c leakage versus temperature, At full 
alternating and direct voltages, the leakage 

currents increase at low temperatures. 
This high leakage is of no concern, how- 
ever, since it is reduced to normal as soon as 
the plate reaches normal temperature from 
either increased ambient or plate tempera- 
ture rise from leakage current. At half 
voltage the d-c leakage is practically con- 
stant. All bridge rectifiers used to charge 
batteries will be required to block approxi- 
mately one half of the plate direct-voltage 
rating, as in each single or three-phase 
bridge rectifier, the direct voltage is 
blocked by twice as many junctions as 
there are series junctions in each arm. 
Therefore, d-c leakage will not be affected 
to any extent by temperature changes in 
bridge-rectifier circuits. In resistance and 
inductive loads there is no problem of d-c 
leakage. 

Unlike ordinary resistance devices, 
selenium rectifiers have negative coeffi- 
cient of resistance with respect to tempera- 
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ture. This means that as the plate tem- 
perature rises, the forward resistance de- 
creases, thereby producing less heat. A 
rectifier designed for 70-degrees centigrade 
operation will have about five degrees 
centigrade temperature rise, and a recti- 
fier designed for 35 degrees centigrade 
operation will have approximately 40 de- 
grees centigrade temperature rise. 

Selenium rectifiers normally are rated 
on a basis of 35 degrees centigrade ambient 
temperature, which is standard practice 
for this type of equipment. If higher am- 
bient temperatures are involved, then the 
rectifier cannot be operated at the normal 
35 degrees centigrade rating. The output 
must be reduced either in voltage or cur- 
rent or both. Table I shows the recom- 
mended derating for selenium rectifiers for 
high ambient temperatures. 

Since plate temperature and tempera- 
ture rise above ambient temperature in- 
fluence the life and performance of recti- 
fiers, it is worth while to mention a few 
construction characteristics in which tem- 
perature is involved. ew 

Close spacing of plates on the center bolt 
retards heat dissipation, of course. Rec- 
tifier stacks have normal ratings at 
normal spacing. These ratings can be, 
and often are, exceeded by spacing the 
plates at two to three times the normal 
spacing. 

The number of plates in a single element 
also has an effect on the operating tempera- 
ture. Stacks of few plates have less tem- 
perature rise than those with a large 
number of plates. The ratings of the plates 
listed in Table II are based on the maxi- 
mum number of plates per element. 

When rectifier elements are mounted in 
cabinets with other heat-generating ap- 
paratus, they should be arranged in such a 
manner so that the heat from the other ap- 
paratus does not pass over the rectifier or 
radiate to it. In other words, the recti- 
fier should be mounted below the other 
apparatus and in such a position that the 
free flow of air through the element is not 
impeded. Stacks always should be 
mounted with the plates parallel to the 
flow of air through the cabinet. Cabinets 


‘should be so ventilated that air may enter 


the bottom and leave at the top or at 
some point above the rectifier stack. The 
chimney effect of this arrangement is help- 
ful in maintaining good operating tem- 
peratures. ; 
High-current rectifiers sometimes pre- 
sent loss problems which may result in 
heat because of eddy-current losses in the 
steel housing. In such cases busses and 
rectifier stacks carrying heavy currents 
should be located so that the field set up 
by the current does not reach the steel 
housing. This is especially important in 
oil-cooled rectifiers, since the resultant heat 
will raise the temperature of the oil. 
Wherever possible, the rectifier should 
be mounted in the coolest location, and 
the maximum ambient likely to be en- 
countered always should be considered. 
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PERCENTAGE CHANGE. 


IN OUTPUT VOLTS - 


-40 -20 0 20 40 60 80 100 120 140 
AMBIENT TEMPERATURE — DEGREES FAHRENHEIT 
Figure 8. Change in voltage output with 
ambient temperature for a selenium 
rectifier with normal resistance load — 
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Figure 9. Effect of temperature on alter- 


nating and direct leakage current for a 


number-2 selenium-rectifier plate 


It has been observed that the forward — 


resistance is increased permanently, if the 
rectifier is subjected to temperatures below 
—40 degrees centigrade for extended 
periods of time. Temperatures below 
—40 degrees centigrade rarely are en- 
countered, and no accounting is normally 
necessary. 
For applications below —40 degrees 
centigrade the rectifiers must be stabilized 
for the minimum temperature and then re- 
graded before the elements are assembled. 
This is especially true for regulator ap- 
plications. “4 


- SHORT-DURATION OPERATION 


There are many applications of recti- 
fiers for intermittent service of short dura- 
tion. In these applications it will not 
be necessary to choose a rectifier having 


operation. The amount of overload which 
can be applied naturally will depend upon. 
the duty cycle. RSA 
_ Selenium rectifiers may be operated at 
overloads up to eight to ten times normal 
current, depending upon the circuit ap- 
plication and time allowed for the rectifier 
to return to normal temperature. 

The current value at which a selenium 
plate may be operated for short periods is 
governed by the time required for the 
plate to reach its maximum temperature 
and the voltage drop and losses permissible 
in the element. 
signed for intermittent service, the time 


‘current capacity sufficient for continuous — 


When rectifiers are de- 


cycle of load ‘‘on and off” periods must be 


taken into account, as this has a direct 
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Figure 10. Operating time in seconds for 
a selenium rectifier at various overloads 
and cooling periods with ambient tem- 
perature 95 degrees Fahrenheit 
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Cooling time is given in minutes 


bearing on the cooling and, consequently, 
- the actual current rating. 
_ In this service, the maximum voltage 
ratings of the plates cannot be exceeded, 
even for very short intervals. The no-load 
voltage impressed on the input a-c ter- 
-minals of the element therefore governs the 
alternating-voltage rating of the element. 
Where the-a-c circuit is switched with the 
load on, the load alternating input voltage 
governs. The maximum alternating volt- 
age which may be applied to the recti- 
fier always must be determined, and the 
rectifier designed for this voltage. 
Normally the plates should not be oper- 
ated at currents greater than five to seven 
times normal ratings, as the resultant 
voltage drop and losses in the element are 
high above this point. 


There are so many factors to consider in - 


this type of service that it is a little diffi- 
cult to make any general rule apply. 
Therefore, separate consideration of each 


of these applications is preferred and, if 


necessary, actual test runs. However, a 
group of curves shown in Figure 10 has 
been prepared which will give an approxi- 
mate time and overload factor providing 
that the off period is known. However, 
one may work directly from the curve. 
This curve also considers the maximum 
number of plates per stack. Figures 11, 12, 
and 13 show characteristics of specific recti- 
fier combinations. ‘The rectifiers used in 
Figures 11 and 12 were operated half 
wave, and consisted of one plate each. 
The rectifier used in Figure 13 was oper- 


‘DECEMBER 1944 


{ 


ated half wave and was made up of eight 
plates. 


RECTIFIER-ELEMENT DESIGN 


The direct output voltage of any recti- 
fier is equal to the alternating input voltage 
minus the voltage drop in the rectifier, 
which results from current passing through 
the plates, divided by the form factor for 
the particular circuit. For explanation 
purposes, single-phase half-wave andsingle- 
phase-bridge rectifiers will be considered 


to be operating into a resistance load of one. 


ampere. 
Single-Phase Half Wave. 


The formula 
for single-phase half wave is 


Ey— ND 
2.3 


where EF, is direct output voltage, FE, is 
alternating input voltage, V is the number 
of plates in series (in this case one plate is 
considered), and D is the voltage drop per 
plate at the current at which the rectifier 
is operating. The value of D is taken from 
a voltage-drop curve, which will be ex- 
plained later. .In this example D=1. 
The value of 2.3 is the form factor for a 
single-phase half-wave rectifier operating 
into a resistance load. The maximum 
alternating input voltage per plate is 18, 
and this value will be used. Therefore, 
\ 
_18-1X1 
Rega 


or approximately 7.4. This same formula 
is used for inductive loads. The direct 
output voltage will vary slightly depending 
on the characteristics of the transformer 
used, but generally the foregoing is correct. 

"To go back to the problem, in which the 
direct output voltage has been determined; 
Before selecting a transformer, the alter- 
nating current required as well as the volt- 
age must be known. Without going into 


the mechanics of the a-c to d-c ratio, one 
_ notes that J, is 1.57 times J, for resistance 


loads or 1.57 amperes. For explanation of 
a-c to d-c ratios in rectifiers, see reference 8. 
Therefore, an a-c input of 18 volts with 


Table I. Rectifier Rating at Elevated 


Temperatures 
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Air Recom- Recom- 
Temperature mended mended 
Current, Voltage, 
Degrees Degrees Per Cent Per Cent 
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1,57-amperes capacity is needed. , In half- 
wave rectification there is a lagging power 
factor, because only half of the a-c wave 
is rectified. Therefore, wattless current 
to the extent of the power factor is present, 
Because of the poor power factor of half- 
wave rectifiers, they are not generally used 
on high-power units but are confined to 
low-capacity applications where economy 
or the half-wave characteristic is desired. 
For battery charging the same formula is 
used except with a different form factor 
and a different value for D (see Figure 14). 
In battery charging and capacitive loads 
the transformer characteristics have more 
effect upon the output voltage than in re- 
sistance load. It is, therefore, generally 
wise to make some actual tests before final 
design is completed. This is not as severe 
an injunction as it may seem, except in — 
cases where no voltage control over the 


input of the rectifier is provided. The al- 


ternating input voltage is generally con- 
trollable over a sufficient range to obtain 
maximum and minimum currents.. 


The foregoing example was worked out _. 


to determine the maximum output for one 
plate. With this information the number 
of plates required for any voltage can be 
determined by dividing the desired output 
voltage by 7.4. If 74 volts were wanted, 
then ten plates would be required for a 
new rectifier. To this must be added 
enough plates to take care of the aging. 
With ten plates 180 volts must be applied, 
and, if an increase of 50 per cent in for- 
ward resistance is allowed for aging, ap- 
proximately 186 volts will be required to 
maintain 74-volt direct current. One 
more plate must be added to allow 
for this. This method may be used for 
every type of circuit, considering a “unit 
element,” with one plate in each arm, 
as a base and is satisfactory for deter- 
mining the number of series plates for all 
rectifier circuits operating into resistance or 
inductive loads. ‘The same applies for 
battery charging and capacitive loads ex- 
cept for single-phase half wave and three- 
phase half wave. In these two cases the 
battery or capacitance is in series with the 
alternating voltage additively on the block- 
ing half of the cycle causing the plate to 
block the direct voltage plus the alter- 
nating voltage. Therefore, sufficient plates 
must be used to withstand the direct 
voltage plus.the alternating voltage in 
these two cases. 

Single-Phase Full-Wave Bridge. If the 
same reasoning as was used for half wave ~ 
is applied, the maximum direct output 
voltage from a unit bridge having one 
plate in each arm can be determined. As 
before and for simplicity, we will consider 
a plate having a normal basic rating of 1.0 
ampere, and a voltage drop D of 1.0 volt. 
The formula for single-phase bridge circuit 
operating into a resistive or inductive load 
is 

E,\-2XNXD 


Ey = . see (see Figure 15). 
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It will be noticed that in this formula 
the product of the number of plates in 
series and the voltage drop per plate is 
multiplied by two instead of one for the 
half-wave rectifier. When the path of the 
direct current is traced from one side of the 

_alternating current to the other, it is found 
that the current travels in the forward 
direction through two plates instead of one. 
We, therefore, will get twice the drop of 
one plate. 

When the equation is solved for E,, and 


18 is substituted for £,, 1 for NV, and 1 for 


D, 


18-—2x1x1 
/Fip BELO N 
ateniS 


In final design the aging factor will be 
taken care of as before. 
The a-c to d-c ratio for single-phase 
bridge rectifier and a resistance load as 
taken from Figure 15 is 1.11. Therefore, 
the alternating input current will be 1.11 
amperes for each ampere direct current. 
For battery charging or capacitive load 
the formula given in Figure 15 is used. 
When the back voltage is considered ap- 
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Figure 11. Heating and cooling cycle of a 


6H1Al selenium rectifier operated at 18 
volts alternating current from normal load 
to ten times normal load 
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Figure 12. Heating and cooling cycle of a 

7HIAI selenium rectifier when operated at 

14 volts alternating current from normal 
load to ten times normal load 
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plied to the rectifier plates in the bridge 
rectifier, the maximum direct back voltage 
per plate will be the direct voltage divided 
by twice the number of series plates in 
each arm. 
will be two. Therefore, we cannot apply 
excessive direct voltage to a bridge recti- 
fier from the battery which it will charge. 

The a-c to d-c ratio is always higher for 
battery charging and capacitive loads for 
all single-phase and three-phase half-wave 
circuits, 

The form factor on three-phase circuits 
is the same for resistive, inductivé, and 
capacitive loads. 

In selecting a rectifier element for a cer- 
tain output the direct voltage and current 
required must be considered. For eco- 
nomic reasons the largest plate generally al- 
ways should be used to obtain the current 


required. For instance, if a single-phase - 


bridge rectifier were wanted to deliver 12 
volts direct current at 1.2 amperes to a re- 
sistance load, this would be the procedure: 

First the proper plate size is selected from 
Table II, which in this case would be a 
number 5 plate, basically rated at 1.2 
amperes for a bridge circuit. Next, we 
figure the maximum direct voltage ob- 
tainable from a unit bridge. To do this we 
must get the value for D from Figure 14. 
As this is a basic-rated plate, 1.2 amperes is 
normal current, so we take the value for D 
at 1.0 times normal current, or approxi- 
mately 1.0. The constant for the number 
5 plate in Figure 14 is 1.0. The value for 
D is therefore 1.0. By applying the for- 


mula, 13.9 volts direct current is obtained. — 


Therefore, a unit bridge of number 5 
plates will be satisfactory. Twice as many 
number 4 plates or four times as many 
number 3 plates could have been sub- 
stituted. This would mean two unit 
bridges of number 4 plates or four unit 
bridges of number 3 plates. A better de- 
scription of these three combinations would 
be: a bridge rectifier of number 5 plates 
having one series plate, one parallel plate; 
for number 4 plates one series, two parallel; 
and for number 3 plates one series, four 
parallel. : 


BATTERY CHARGING AND CAPACITIVE LOADS 


In selecting rectifiers for battery charg- 


ing or capacitive loads, the same general 
procedure is followed as for inductive or 
resistive loads, except that the output of 
the basic rating must be reduced 20 per 
cent for single-phase rectifiers. This may 
be accomplished by derating voltage or 
current or both. In general, it is preferred 
to derate voltage. No derating is neces- 
sary for battery charging or capacitive 
loads, when three-pha8e rectifier circuits 
are used. The same form factor is used in 
calculating a-c input for all types of loads 
in three-phase circuits. : 

Battery chargers having choke input 
filters may be calculated on basis of induc- 
tive or resistive load as far as plate rating is 
concerned. 

In Table III are listed some of the 
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Figure 13. Heating and cooling cycle of a 


2H8Cl selenium rectifier, 14.6 vole Pea . 
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Figure 13A. Time of 2H8CI rectifier 

operation to reach 167 degrees Fahrenheit 

‘with 131 degrees Fahrenheit ambient 
temperature at various loads 


fundamental characteristics ‘of rectifiers 
for the different circuits for resistive and 
inductive loading. 


FORCED COOLING 


Selenium rectifiers are normally (basic) 
rated at approximately 0.160 amperes per 
square inch at 35 degrees centigrade am- 
bient temperature. By wide spacing and 
the use of fins the current density is in- 
creased to approximately 0.400 amperes 


per square inch. Higher current densities — 


sometimes are used, but they require — 


special consideration. 
determined by the nature of the applica- 


tion with respect to temperature, duty — 


cycle, and load characteristics. 
Fan cooling may be employed to main- 


tain safe rectifier-plate temperature on — 


rectifiers that are operated at currents 
above their normal rating, or for protec- 
tion in high ambient temperatures. 


tical purposes 90 to 100 linear feet per 
minute is sufficient for two times normal 


The density is — 


The J 
amount of air required to cool the rectifier — 
- can be calculated easily, and for all prac- — 


rating, and 160 to 180 feet per minute for — 


three times normal rating. The air actu- — 


ally must travel past the rectifier at these 
rates, if it is to carry off sufficient heat. It 
is well to remember the effect of obstruc- 
tions in the path of the air stream upon the 
air velocity of a fan system which is rated 
in free air. 
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RELATIVE VOLTAGE PER PLATE 
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Figure 14. Approximate voltage drop in 
forward direction 


A—Batiery and capacitive load: one-phase half 

wave, one-phase bridge, and one-phase center tap 

B—Resistance and inductive load: three-phase 

half wave, one-phase half wave, one-phase eee 
and one-phase center tap 

_ C—Three-phase bridge, three-phase center tap 

D—Direct current 
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rectifier stacks which are being cooled. 
We recommend 200 to 250 feet per minute 
under all conditions, which should provide 
an ample margin of safety. 

_ Selenium rectifiers may be immersed in 
oil for operating at increased loading or 
for operation in destructive atmospheres. 
Oil-cooling systems are considerably more 
expensive than fans and are, therefore, 
not generally considered. Our oil-im- 
mersed rectifiers so far have been confined 
to applications where the rectifiers have 
had to be protected against very corrosive 
atmospheres. 

For applications where heavy overloads 
are experienced for short durations, the 
_ thermal capacity of an oil-cooled unit af- 
_ fords much more protection to the recti- 
fier than can be obtained by fan cooling. 


RECTIFIER AGING 


Selenium rectifiers have the most stable 
output over extended periods of time, when 
compared with other types of dry-plate 
or metallic rectifiers. At normal operation 
the change in output is so small that in 
many cases no compensation for aging is 
necessary. This makes possible the elimi- 
nation of a special transformer on those 
applications, and the rectifier may be 
operated directly from the a-c line. 

The output of a selenium rectifier will 
decrease from five to ten per cent, when 
operated normally and at its basic 35 de- 
grees centigrade rating. Naturally, if the 
same rectifier is overloaded, the percentage 
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of loss in output will increase. The time 
required to produce this aging effect is a 
function of temperature, loading, circuit, 
and duty. No appreciable aging has been 
observed in idle rectifiers. Rectifiers not 
operated for long periods of time may show 
a slightly lower initial output, but this 
comes back to normal in a short time. In 
general, we have found that rectifiers 
operated at normal rating will reach maxi- 
mum aging within 20,000 hours of con- 
tinuous service. The characteristic may 
and does vary from one to another ap- 
plication. Some rectifiers will show no 
aging for 2,000 or 3,000 hours, whereas 
others show a steady aging rate. The fact 
that current through the rectifier is re- 
quired to stabilize it may explain the dif- 
ference in time required to produce stabil- 
ity. Apparently a sufficient number of 
ampere-hours must pass through the recti- 


Figure 15. Single-phase full-wave bridge 


rectifier 
Voltage and current values: 
E;—Alternating input voltage 
E.— Direct output voltage 
I,—A-c input amperes 


“ I,—D-c output amperes 


I;—D-c amperes each arm of rectifier circuit 


Voltage values: 

Resistance and inductance load, Ey = (E2X7.75) + 
2ND 

Es rs E,—2N. D 


, d induct load, 
Resistance and inductance loa 715 


Current values: 


Resistance 

and Inductance Load § Rms Output Current 
Y AIRG AGT) AMAR Roe 
NE beg PN DN ES 7.77 


Rectifier application—D-c output, 12 volts, 7. Z 
amperes, load, resistance 
Solution—Use 5B1A7 stack; N=1.0; D=1.0; 
Egc=12X1.154+2X1.0X1.0; Esqg=15.8 
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fier to produce final stabilized output, 
which accounts for the longer aging time 
on intermittent duty applications. 

An example will explain best how aging 
occurs. In this aging or stabilization proc- 
ess, which amounts to approximately six 
per cent in output, the forward resistance 
increases approximately 50 percent. Con- 
sider a single-phase bridge rectifier with 
one plate in each arm. If the normal- 
rating voltage drop is 1.0 volt and the 
single-phase bridge formula 


E E4ge-2XNXD 
pies 1.15 

is used, where Ey4c=alternating input 
volts, W=number of series junctions in 
each arm, and D=voltage drop at the 
particular current density. Epc, there- 
fore, =13.9. After aging, D will equal 1.5 
and substituting again Ep¢=13.05. The 
aging in this case is approximately six per 
cent. 

If the same rectifier is operated at three 
times its normal rating, as could be done 
in force-cooled rectifiers, D becomes 1.68 
volts for a new rectifier. Ep o=12.75. 
After aging, D=1.5X1.68 or 2.52; Epe= 
11.25. The output drops 11.5 per cent. 
This same rectifier, if operated at 100 per 
cent rating, still will show a six per cent 


_ loss in output. 


Therefore, it sometimes may be neces- 
sary to consider the aging factor in the ap- 
plication of rectifier stacks and to allow 
enough for the aging which may be ex- 


pected, depending on the loading of the 


rectifier plates. 


_ VALVES 


- There are many circuits in use where 
valves are required to prevent the flow of 
current in case of a reversal of polarity. 
Selenium rectifiers are being applied to 
these applications successfully. 

Each application must be considered 


individually, since there are inherent char- ; 


acteristics in the selenium plate which 
must be taken into account. If the appli- 
cation is one wherein the current flows 
through the selenium plate in the forward 
direction most of the time and only infre- 


quently is there any back voltage applied, 


we must remember that at the instant of 
reversal of voltage, we will get high-leakage 
currents. This condition lasts only for a 
very short time, until the leakage current 
returns to normal. The initial leakage 
current may run as high as ten to 15 per 
cent of the normal current at full direct 


_voltage per junction. If this is outside the 


limits that can be tolerated, then the back 


_ voltage per junction must be reduced by 


adding more plates to a point where opera- 
tion is satisfactory. 

Applications where alternate polarities 
are applied to the valve are most satisfac- 
tory. 

A voltage-drop curve for d-c apehinte 
is shown in Figure 14. 

The d-c ratings of all the plate sizes are 
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Table II. Sizes and bee of Selenium-Rectifier Plates 


Maximum D-C eee Continuous Output of Element With 
One Plate Per Arm at Ambient Temperature 95 Degrees 
Fahrenheit (35 Degrees Centigrade) or Less 


Maxxis Continuous 
D-C Rating 
-as Valve 95 Degrees 


Single Phase Three Phase Maximum Alter- Fahrenheit Ambient 
Plate Plate Disk Fin nating 
Type, Diameter, Size, Size, Half Bridge or Half Center Volts Per Block 
Number Inches Number Number Wave Center Tap Wave Bridge Tap Plate Amperes Volts 
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Center bolt sizes: plates numbers 1, 2, 3, 20, 21—numbers 8-32; plates numbers 4, 9, 10—numbers 10-32; Plates numbers 5 to 19—5/;5-18. . 


shown in. Table II. Because of the ab- 

sence of the alternating current in these 
' applications the plates are rated slightly 

higher than for rectifier applications. 


FORWARD AND. REVERSE RESISTANCE 
CHARACTERISTICS 


The forward and reverse resistance char- 
acteristics are very important in a recti- 
fier. An ideal rectifier would be one with 

_ zero resistance in the forward direction and 
‘infinite resistance in the reverse direction. 
Since selenium rectifiers do not meet 
these requirements, their effects on the cir- 
cuits with which they are to be used must 
be considered. The forward resistance is 
‘not fixed or linear. At very low voltage 
and current the resistance is very high (see 
Figures 5 and 6). As the voltage and cur- 
rent are increased, the resistance decreases 
very rapidly, up to approximately 20 per 
cent of plate rating. From 20 to 140 per 
cent the forward resistance changes only a 
smallamount. From this we would expect 
to have the greatest amount of regulation 
take place in a rectifier in the first 20 per 
cent of normal load. This is true, and it 
must be considered in rectifier applications 
_ where regulation is important. This non- 
linear resistance characteristic, which at 
first seems to be undesirable, makes pos- 
sible good rectifier regulation and suggests 
the possibility of their use as direct-voltage 
regulators. 


The reverse resistance performs some- — 


VOLTAGE REGULATORS 


In d-c applications selenium rectifiers 
can be operated on the steep portion of the 
resistance curve (Figure 6), and the recti- 
fier plates can be used as regulators. If 
the plates are operated in the forward 
direction at about 0.70 volt per plate, the 
effect of a variable regulating resistance 
across a load can be achieved. This, 
coupled with the necessary voltage-drop- 
ping resistances, will provide fairly good 
regulation. See circuit in Figure 16. 

As the voltage across the load increases, 
the resistance of the rectifier plates de- 
creases rapidly, permitting more current to 
pass through the rectifier and creating 


’ greater voltage drop across R, thereby regu- 


lating voltage across the load. 

Because of the very nature of the resist- 
ance characteristics, it is difficult to pre- 
determine the exact combinations of plates 
for any one application. It is, therefore, 
desirable and most generally necessary to 
make actual tests for individual problems. 


+0 


Figure 16. Selenium-rectifier regulator 
circuit 


NORMAL DIRECTION 
OF CURRENT : ei 


The curve in Figure 6 cannot be taken for 
all problems, since the complications which | 
arise in each circuit are different, and one 
curve could not apply to all applications. 
Production tolerances for rectifier plates 
cannot be used in this type of service. In © 
practically all applications it is necessary 
to select plates and match them for the © 
particular project. The curve in Figure 6 © 
was taken from a series of single plates. 

In applying the selenium rectifier to 
these regulator circuits, the amount of 
current that will flow through the plates 
at maximum-voltage condition must be 
considered. If this current is too high for 
the size of plate, additional series plates” 
must be added. It may not be possible to 
increase the surface area without increas- 
ing the number of series junctions, as this 
might unbalance the regulation circuit be-— 
cause of the increase in as current 
through the rectifier. : 


CIRCUIT ELEMENTS 


The nonlinear resistance characteristic — 
is also desirable in network circuits where 
small voltage changes cause great resist- 
ance changes. Selenium rectifiers are 
working successfully in such applications. — 
These are difficult problems, and particu- 
lar care must be used to insure proper 
operation. By special stabilizing of the 
plate and matching of it to the circuit, 
balanced operation usually is assured. If 


what the same way as the forward but is not er eae es 4 

as critical. Generally, applications demand ==B unbalanced. In rectifier applications this 
“ *. . f { S 

maintenance of high reverse resistance at | oe DISCHARGE = unbalance may occur during long idle 

all times. At the critical voltage inthere- € Rett CSRENT. 7 STL periods. Balance is restored, however, as 

verse direction the resistance decreases =I] soon as full voltage and load are applied — 

very rapidly, and care must be taken to : and normal operation takes place without — 

avoid overheating and rupture of the bar- , ——_ = any unbalance indication. In circuit net- 

rier layer at this point. Platesmustnotbe Figure 17. Selenium-rectifier arc- works, however, full voltage and current 


operated at voltages above rated values. 
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generally are not applied, and the recti- 


rectifiers that are not stabilized and — 
matched are left idle, they may become 
ELECTRICAL, sen 


fier would remain unbalanced. ifentes 
stabilizing and matching plates for this 
type of service are important. » 


ARG SUPPRESSION 


Bralf-wave rectifiers may be used across 
inductive circuits carrying direct current 
to suppress arcing across contacts and to 
limit voltage surges. The rectifier is con- 
nected across the inductance, matching the 
polarity of the power supply as shown in 
Figure 17. Thus, the rectifier offers a 
high resistance to the applied voltage and 
a low resistance to the surge current gener- 
ated by the collapse of the field in the in- 
ductive load. | 

The electromotive force generated in the 
coil at the instant the appliéd voltage 
i source is broken is 


ri , (1) 


) The current, 7, generated in the cail at 

| any time, ¢, is 
I 

i (R+ Rit) 
A 


(2)? 


= voltage generated with collapse of field 

E=applied voltage 

R=resistance of coil 

R,=forward resistance of rectifier 
~=induced current flowing in forward di- 

rection through R; at time ¢ 

T=time in seconds 

L=inductance in sg 
e=2.718 


In formula (1) the induced voltage 


R 
+ H Then, if R, ap- 


we ae ght 
# varies in the ratio 


HE MAGNITUDE of the telegraph 


stimulus it has given to scientific en- 
quiry and electrical engineering, and 
especially the influence it had on the 
formation of the AIEE, all combine to 
make it fitting that our Institute do Morse 
and his associates honor on the 100th 
anniversary of their first public telegraph 
line between Baltimore, Md., and Wash- 
ington, D. C: A session in recognition of 
the occasion was held during the 1944 
AIEE summer technical meeting.1~* 


H. W. Bibber is professor of electrical engineering and 

head of the engineering division, Union College, Schenec- 
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industry, its effect’ on daily life, the — 


proaches infinity, when the switch is 
opened, ¢, rises and high voltages are 
generated. This condition exists when the 
contact points are opened to break the cur- 
rent. The air gap between the opening 


_ Contacts becomes ionized and arcing oc- 


curs. This arcing, from the discharge of 
an inductive load, will shorten consider- 
ably the life of contacts, and the applica- 
tion of the proper selenium rectifier will 
reduce this condition to a minimum. 

From formula (2) it can be seen that the 
current 7 at any time ¢ varies with the re- 
sistance R, of the external load. The 
maximum possible current which can be 
induced by the coil will occur when R,=0, 
and ¢=0. By substitution in formula (2) 
it will be found that 7 is then equal to J, 
the steady-rate direct current. 

In choosing a rectifier to serve as an arc 
quencher there are two conditions which 
must be met. First the rectifier must be 
able to block safely the steady direct volt- 
age; second, it must be able to carry the 
current without overheating. The largest 
current a spark-quenching rectifier will be 
required to carry is the steady-state direct 
current in the circuit. This condition will 
be found where the number of discharges 
per second is high. When the rate of dis- 
charge is decreased, the size of the recti- 
fier may be decreased. It should be re- 
membered that the ambient temperature 


must be taken into account in this applica-_ 


tion, as well as for all other applications of 
selenium rectifiers. 


SURGE VOLTAGES AND CURRENTS 


Although excessive voltage or current 
are always undesirable and often cause 
damage to a dry-plate rectifier, selenium 


H.W. BIBBER 
MEMBER AIEE 


To some of our younger members, it 
may be news that of the 25 men who 
signed the original organization “‘call’’ for 
the AIEE published in the April 15, 1884, 
issue of The Operator (the leading American 
electrical journal of that time), 21 were in 
the telegraph business. The first president 
of the Institute was Norvin Green, presi- 
dent of the Western Union Telegraph 
Company. Two of the initial vice- 
presidents and four of the initial managers 
were in the telegraph industry. In suc- 
ceeding years telegraph men continued to 
exercise influence in shaping the destiny 
of the Institute, and today they form a 
valued group of our membership. 

In keeping this centenary we do not 
commemorate the first working telegraph 
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rectifiers will withstand high overvoltage 
and current for short duration. 

For durations of 20 to 30 microseconds, 
tests show that back voltages as high as 140 
to 250 volts may be applied without break- 
down. This means that the maximum safe 
voltage would be somewhere below 140 
volts. These tests do not mean neces- 
sarily that we should design for such over- 
voltages. 
is helpful only in case of emergency voltage 
surges such as may be caused by lightning 
discharges. 

Surge currents in the forward direction 


_ may exceed the normal rating by 30 to 50 


times, for durations of 20 to 30 micro- 
seconds under good contact conditions be- 
tween front electrode and the contactor 
plate. 
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_The Centenary of the View. Telegraph 


in the world, as it appears that a line 13 
miles in length from Paddington Station 


to West Drayton on the Great Western 
Railway in England was put into opera- 


tion in 1838. This was constructed on 
Professor Charles Wheatstone’s scheme 


employing six wires and five needles, — 


wherein two converging needles were 
made to point to letters on a dial. Wedo 
not observe the anniversary of the inven- 
tion of audible electromagnetic signaling 
at a distance, for Joseph Henry demon- 
strated to his students’ at the Albany 
Academy, Albany, N. Y., in 1832, the 

ringing of a bell by electromagnetic action 
through a circuit of a mile of wire. Nor do 
we celebrate the passage of a century since 
Morse first demonstrated publicly the 


433. 


This ability to stand overvoltage — 


practicability of his invention. Successful 
operation was shown by Morse (through 


ten miles of wire) in New York City at. 


New York University in January 1838, 
in Philadelphia before a committee of the 
Franklin Institute the same month, and 
in Washington in February of that year 
before the House committee of commerce. 

Rather do we celebrate the persistence 
of Morse and his associates in overcoming 
the obstacles they found in their path due 
both to Nature and to man. From the 
year 1844 the development of the telegraph 
industry in the United States was spec- 
tacular. Through the extension of tele- 
graph lines to all parts of the country 
there came to be aroused an interest in 
‘this new force or power, electricity, and 
many electrical inventors in other fields 
began in telegraphy. 


EARLY DEVELOPMENTS IN TELEGRAPHY 


It is not appropriate in this paper to 
review in detail the experiments previous 
to Morse’s in which electricity had been 

tried as a means of communicating in- 
telligence. 
numerous; indeed a volume of several 
hundred pages by J. J. Fahie is entitled 
“A History of Electric Telegraphy to the 
Year 1837.” Suffice to say that frictional 
electricity had been used for signaling 
over a distance of some thousands of feet 
nearly 100 years before 1844, and that 
experiments employing dynamic elec- 
tricity with chemical receiving indicators 
had started soon after Volta’s invention 
of the “pile” in 1800. Oersted’s discovery 
in 1820 of the effect of the electric current 
in a wire on a neighboring compass 
needle led to the development of needle 
telegraphs by several European inventors 
in the following years. 

This brings us to Samuel Finley Breese 
Morse. What sort of man was he and 
how: did he become interested in the 
electromagnetic telegraph? 

Born in Charlestown, Mass., in 1791, 
the son of a militant orthodox clergyman 
who was one of the distinguished pro- 
moters of a knowledge of geography, he 
was raised in an intellectual atmosphere 
that must have been stimulating to say 

-the least. By the time he was 14 he had 

completed the preparatory studies at 
Phillips Andover Academy for Yale 
College and entered there. His self-taught 
skill in art developed to the point where 
during his senior year he was able to charge 
five dollars for miniatures painted on 
ivory. Indeed, as his college work came 
to a close, his interest in art exceeded his 
interest in any academic studies, even in 
natural philosophy, where he was first 
introduced to electricity by Professor 
Silliman. . 

He persuaded his father to send him to 
England in 1811 to study art, which he 
did with seriousness of purpose and suc- 
cess. As he left England to return to the 
United States in 1815, he felt that his 
real interest lay in painting historical 
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These attempts were very _ 


The transmission of a telegraph 
message between Baltimore and 
Washington in 1844 introduced 
a new era in communication and. 
in the practical application of 
electricity and perhaps led 
indirectly to the founding of the 
AIEE. The early struggles and 
discouragements of the artist- 
turned-inventor Samuel Finley 
Breese Morse, at last crowned 
by success, are an exemplary 
chapter in American life. 


scenes which he felt required more imagi- 
nation and were more intellectual than 
portraits. Ironically enough, when he 
started out to earn his living as a painter 


in New England and soon afterward in 


South Carolina, he found that he could 
get commissions for nothing but portraits, 


and these in none too great quantity. In — 


the intervals between portrait commissions 
he turned to other interests, showing his 
extraordinary versatility. He and his 
brother were the patentees of a water 
pump, and he worked diligently for a time 
on a marble-cutting machine to make 
easier the carving of statues of this stone. 
On going to live in New York he helped 
to found and became president of the 
National Academy of the Arts of Design. 
He attended Professor Dana’s lectures on 
electromagnetism given at Columbia Col- 
lege. In his early years in New York he 
helped found the Journal of Commerce, 
a paper that has had a long career. He 
was often in straitened financial cireum- 
stances. 

With the promise of sufficient financial 
backing to make possible his return to 
England, and a tour of Europe in the 
interests of art, he left New York in 
November 1829 and spent the next three 
years on the continent. While in France 
he noted in his letters the use of the Chappe 
semaphore telegraph devised during the 
French Revolution, and commented on its 
advantages and limitations. 

It was on his return from Europe in 
1832 on board the sailing ship Sully that 
the idea of an electromagnetic telegraph 
seems to have occurred to him. ' Morse 
later described the circumstances as he 
remembered them. At the lunch table 
about the middle of the trip, Doctor 
C. T. Jackson of Boston who was as 
much interested in “natural philosophy’? 
as in medicine, was discussing the recent 
experiments by Ampére with Sturgeon’s 
electromagnet. On being asked whether 
the flow of electricity was not retarded 
by the length of the wire, he replied that 
electricity appeared to pass instantly over 
several miles of wire. Morse then said, 
“If this be so, and the presence of elec- 
tricity can be made visible in any desired 
part of the circuit, I see no reason why 
intelligence might not be instantaneously 
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jes 


transmitted by electricity to any distan 
Morse then left the group and pondere 
ways in which a practical instrume: 
could be constructed, making sketche of 


his thoughts in a notebook in which he — 
recorded sketches and ideas for’ paintings q 
a His first idea of ae ee was 


stylus to annie a Efoviec stip of rape 
with dots and dashes appropriately spaced, 
The dots and dashes were to represent 


numbers, which would be used to identify 
numbered words in a dictionary. The 


proper arrangement of dots, dashes, and 


spaces between was to be secured by setting _ 


type bars with apPloRriake faces of dots 


and dashes in a “port rule” and running — 


these at cohstant speed under a button 


attached to a key in such a way that the” 
circuit was opened and closed to corre-— 
spond to the projections and depressions _ 


of the line of type. 


~ On his return to New York he found the © 
same financial difficulties which had © 
dogged his steps before, and he returned to 


painting as a livelihood and to politics as 


an avocation. He was appointed professor 


of sculpture and painting in the newly 


formed University of the City of New © 
York in 1832, but he received no salary — 


except fees from his students and was not 
required’to give any lectures. In 1835 he 
was given a new title in New York Uni- 
versity, professor of the literature of the 


arts of design; assigned some regular ~ 


lectures; and granted the free use of a 
large room in the then new Washiosion, 
Square building. 

In the fall of .that year he showed a 
working model of his telegraph to friends, 
and in January 1836 a professor of science © 
at the university, Leonard D. Gale, visited 
Morse’s rooms and saw his telegraph. 
This was the original model in which a 
pencil was moved transversely on a con- 
tinuously moving paper tape. Painting 
took most of his time, however, and it 
was not until 1837 that the report of a new 
French telegraph stimulated him to re- 
newed effort on his own. He realized that 
he needed scientific help, and enlisted 
Professor Gale as a partner in the enter- 
prise. The latter’s immediate contribu- 
tion came from his knowledge of a paper 
of Joseph Henry’s dealing with improve- 
ments in electromagnets, Gale suggested 
that instead of a few turns of wire wrapped 
around each leg of a horseshoe receiving 
magnet fed by a ‘“‘quantity” battery, 
‘Morse had better employ a large number 
of turns and use an “intensity”? battery. 
The improvement in operation was 
marked. Where difficulty had been ex- 
perienced in sending messages through a 
hundred feet of wire, it became possible by 
November 1837 to operate the instrument 
through ten miles of wire. 

.. The telegraph relay, an essential element 
of the Morse system, was already in 
Morse’s mind in 1836, according to Gale’s 


later testimony, and a definite workable — 


design was shown to Gale in 1837. It 


q 
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appears that Joseph Henry invented the 
relay earlier, but as it had not been de- 
scribed in anything Morse had read, nor. 
did Morse make Henry’s acquaintance 
until late in 1837, it was evidently an 
independent invention by Morse. He 
originally conceived of its use as a one-way 


repeater, believing that electromagnetic 


action could not take place over too many 
miles without being “‘renewed’? by the 
action of another battery. 


IMPROVEMENT OF THE TELEGRAPH 


_ The House of Representatives in Feb- 
ruary 1837 had passed a resolution direct- 
ing the Secretary of the Treasury to 
investigate the feasibility of setting up a 
“system of telegraphs for the United 
“States.” In March 1837 a circular of 
inquiry was issued by the Secretary, and 
Morse was further stimulated to every 
effort to improve his invention. Thus it 
was that he was ready to welcome the 
efforts of Alfred Vail who offered. me- 


chanical skill that Morse did not possess, * 


and financial support for the enterprise 
through his brother and father. 

Young Vail had graduated at New 
York University in 1836 intending to go 
on with study of theology in preparation 
for the Presbyterian ministry, but the 
chance visit to Professor Morse which he 
made in the early autumn of 1837 changed 
the course of his career. His father was 
the fairly prosperous proprietor of the 
Speedwell Iron Works in New Jersey, 
where Alfred had received an apprentice- 
ship in the mechanic arts. Alfred felt 
certain that he could persuade his father 
and brother to support the telegraph 
enterprise in his name. It seemed to him 
that here was an undertaking into which 
he could put his heart. 
then entered into a contract on September 
23, 1837, whereby Vail undertook: to 
construct at his own expense one of the 
telegraphs of Morse’s design to be ex- 


hibited before Congress, and to pay the ~ 


costs of the exhibition and United States 
patents. In return Vail was to receive 
one-fourth of all rights in the invention in 
the United States, and a share in any 
foreign patents which he might furnish 
the means to obtain. 

Morse completed a caveat for his patent 
on October 3, 1837. In it he claimed: 


1. A system of signs by which numbers 
are signified. 


2. A set of type adapted to communicate 
the signs. 


3. An apparatus for regulating the move- 
ment of the type so that the electric circuit 
may be made and broken in accordance with 
the moving type. 


4. A register for recording the signs at the 
receiving end. 


5. A dictionary or vocabulary with each 
word numbered. 


6. Modes of laying the conductors to pre- 
serve them from injury. 
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He and Morse 


Looking back on the work of Morse, 
his predecessors, and his contemporaries, 


it can be asserted that’ his was the first 
recording electromagnetic telegraph. The 
elements of his device were all known at 
the time. He made no new basic dis- 


covery, but he made a new combination 


of the known elements. 

It is to Vail that credit appears to be 
due for changing the relative position of 
the magnet and armature so that a vertical 
motion of the marking stylus was achieved, 
making possible the registration of real 
dots and dashes. 

With the improved recorder and a new 
battery built by Professor Gale, the tele- 
graph was exhibited publicly to the people 
of Morristown, N. J., on January 10 and 
11, 1838, with operation over three miles 
of wire. On January 23 it was shown to 
hundreds of people in New York with the 
new alphabetic code which did away 
with the numbered dictionary, then to a 
committee of the Franklin Institute at 
Philadelphia, and at last shown in the 
committee room of the House committee 
on commerce to that group itself and to 
large numbers of interested Congress- 
men. The demonstration was a complete 
success and the chairman of the committee 
was instructed to report an appropriation 
bill for $30,000 to construct an experi- 
mental line from Baltimore to Washington. 

In the course of the demonstration to 
the committee, its chairman, F. O. J. 
Smith of Maine, had become enthusiastic 
about its money-making possibilities as a 
private enterprise and wanted to become 
a partner. ‘The existing partners, Morse, 
Vail, and Gale, felt the need of an aggres- 
sive assistant in promoting the telegraph 
on the political and economic side, and 
so Smith was taken in. This event was the 
occasion for a formal statement among the 
partners as to their relative shares. of 
ownership: Morse, 9;. Smith, 4; Vail, 
2; Gale, 1. Vail and Morse had re- 
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duced their interest in order to take Smith 
in, to get the value of his legal services 
and aggressive disposition. 

Morse and Smith left for Europe in the 
spring of 1838 with the hope of obtaining 
foreign patents on Morse’s invention. 
Disappointment came in England where 
the Attorney General ruled that previous 
publication debarred Morse from obtain- 
ing a patent, in France where the dilatory 
procedures of government wore him out, 
and in Russia where the Czar finally 
decided that he did not want telegraphic 
communicationafterall. Thebillreported 
to Congress from Smith’s commerce com- 
mittee did not reach a second reading, so 


_hard was it to get the members of the 


House to realize that this was more than 
a fascinating toy. 

Morse returned discouraged in 1839 
and passed through a very troubled period. 
His patent was issued on June 20, 1840. 


But the financial depression that started — 


in 1837 had enveloped the whole country 


and even the Vails had no further funds 


to expend in promoting the telegraph. 
Smith had experienced financial reverses. 
Morse now came into prominence and 
secured needed finances as a daguerreo- 


typist, even teaching the art to others for 


a fee. Though he practiced steadily for 


little more than two years, he earned con- 


siderable fame. 


In October 1842 he laid a wire ‘coated 


with pitch from New York’s Battery to 
Governor’s Island and until it was caught 
by a boat’s anchor it provided successful 
communication under water. It was not 
the first submarine telegraph in the world, 
but the first in America. 


BUILDING OF THE FIRST LINES 


During the autumn he again memorial- 
ized Congress and, at the risk of becoming 
penniless, put on a more striking demon- 
stration than ever between two rooms of 
the Capitol, A new appropriation bill 
of $30,000 was reported by the commerce 
committee, but compared to other legis- 
lation it lacked priority. 


5. 


The end of the - 


session March 3, 1843, approached. The — 


telegraph-appropriation bill passed the 
House on February 21 and it seemed as if 
the jammed Senate calendar could not 
possibly permit of its passage. But after 
Morse had given up hope on March 3, 
so the legend goes, as evening approached, 
and he had returned deeply discouraged 
to his hotel, his bill was passed and signed 
by President Tyler. The young lady who 
called at his hotel the next morning to 
inform him of the great news was Annie 
Ellsworth, daughter of the Commissioner 
of Patents. To her, a little more than a 
year later, Morse gave the privilege of 
composing the first message to be sent over 
the completed line. 

With the Congressional appropriation 
granted, Morse proceeded to plan on 
laying the lines underground, insulated 
in lead pipe two feet below the surface. 
As the available money would not permit 
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purchasing land for a right of way, appli- 
cation was made to the Baltimore and Ohio 
Railway for permission to bury the tele- 
graph wires along its line between Balti- 
more and Washington. The granting of 
permission constituted the start of a co- 
operation between the railway and the 
telegraph that has existed ever since. A 
contract was let for furnishing the lead 
pipe with insulated wires inside. 

The trenching contract was placed with 
F. O. J. Smith for disposition. Into his 
office in Portland, Me., there came one day 
in 1843 a young plow salesman, Ezra 
Cornell, of Ithaca, N. Y., who was later 
to found the university which bears his 
name. At Smith’s request, Cornell in- 
vented a combined plow, cable-reel, and 
filler-in drawn by oxen which successfully 
laid the lead-pipe cable at a rapid rate 
compared to hand trench digging. The 
cable was being laid faster than the maker 
could supply it. Then, after nine miles 
were in the ground, tests showed that the 
insulation had failed. The newspapers 


' were following the enterprise closely, and 
- Morse could ill afford a failure of his 


scheme now. He arranged with Cornell 


to contrive a breakage of the special 


plowing machine so that time could be 
secured for tests and experiments with 
other manufacturers’ pipe, and other 
methods of insulation, The experiments 
were all disappointing. It was a period 
of deep discouragement, as much of the 
original $30,000 now had been spent. 
But Vail read in an English journal of 


the success which Wheatstone and Cooke — 


had attained with wires placed overhead 
on poles after winder gto lear -pipe cable 
had failed. 

Morse decided that this was the answer 
to the problem, and in February 1844 
work was started on a pole line along the 


- railroad right-of-way. Smith in the mean- 


time had become a disturbing element in 
the enterprise, and he and Morse became 
life-long enemies. During the stringing of 
wires on the pole line tests were made 
frequently to make sure that all was well 
this time. 
Vail discarded the “‘port rule’? and type 
mechanism by which the code letters were 
sent, and found Morse could read the 
receiving tape just as well when he 
opened and closed the circuit by hand. 
Thus was the telegraph key invented. 
he first formal message sent over the 
ompleted line composed by Miss Annie 
Ellsworth, ““What hath God wrought,” 
was considered prophetic by Morse who 
had high visions of the public service which 
could be rendered by the telegraph. To 
keep the potential power of the telegraph 
for the public good, Morse was anxious 
to have the government buy the patent 
and issue regulated licenses to private 
parties to construct lines, and as well to 
build lines for its own business. 
Congress was now preoccupied with the 
Mexican troubles, and so it was left for 
private enterprise to develop the new mode 
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In the course of these Alfred . 


But. 


of communication, as soon happened. 

Of the original group of partners, Morse, 
Vail, and Smith continued active in the 
telegraph : business. Cornell, who had 
come into the enterprise at the building 
of the Washington-Baltimore line, also 
followed along in the industry. He played 
a large part in the founding of the Western 
Union Company; he was a director for 
15 years, and the largest stockholder for 
20 years. 


SIGNIFICANTS OF THE TELEGRAPH | 


In retrospect, what lessons can be 
drawn from the work of Morse and his 
associates? The most evident is that 
indomitable persistence is necessary to 
convince men of the possible utility of new 
technical devices, and that what looks 
like the most serious difficulty of a series 
offered by nature may be the last that 
has to be overcome. Co-operative effort 
was what made the telegraph a technical 
success, and had Smith been of different 
character, co-operation would have has- 
tened its acceptance by Congress and the 
country.’ The pure scientists, Joseph 
Henry in particular, played a significant 
part. The prompt publication of scien- 


‘tific discoveries and technical improve- 


ments aids material progress; Henry’s 
paper on the electromagnet and the report 
of Wheatstone’s use of overhead lines are 
striking examples. 


It is interesting to note that three 


features which Morse tried out on the 
Baltimore-Washington line but which were 
later discarded, have returned to use in 
recent years: 


1iceA moving paper tape on which the 
message is recorded. ! 

2. Mechanical rather than manual sending 
of the code impulses. 

3. Laying telephone and telegraph lines 
underground by means of a plow similar to 
that devised by Ezra Cornell. 


Turning now to the material develop- 
ment of the telegraph industry in the 
United States, what does the passage of 
100 years show? In 1844 there were two 
public telegraph stations and a single line 
connecting them. In 1944 there were 
33,000 public message offices; in ad- 


dition there were agency stations by 


which 90,000 places could be reached. 
Used in public message and related serv- 
ices were 2,300,000 wire miles. 

There seems to be no record available 
of the number of public messages sent from 
May 24, 1844, to the end of that year, 
but in the year previous to January 1, 


1944, some 206,000,000 public messages 


were handled. Yet the preceding figures 
do not show completely the development 
of telegraphy in the United States be- 
cause of the large number of private-line 


stations, 20,000 at the beginning of 1944, — 


which were served by 1,750,000 circuit 
miles of line. Many more installations 
that are telegraphic in nature are repre- 
sented by the 16,000  teletypewriter 
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(TWX) ineidene and ‘he 2, 000, | 
‘circuit miles which provide for the 
interconnection. The magnitude of th 
traffic on this TWX system may be judgec 
from the fact that in the year 1943 mor 
than 14,500,000 service connections were 
made, on each of which several message: 
may have passed. 7 

After observing that “It was perhaps 
no accident that the telegraph in its most 
practical and successful form was invented, 
not by a physicist who had spent year: 
in the study of electricity, but by an artist,” 
R. T. Barrett goes on to say, “The genius 
of the great artist consists less in creating 
things than in combining familiar things 
in new relations. Fundamentally he is 
guided by rules with which all isiipee 
are familiar. When he surpasses his 
fellows, he does so in the skill with whan 
he seizes upon commonplace things and 
unites them into creations of consummate 
beauty. It may have been the artist ind 
Morse that led him to see, in what other 


* men had produced in the field of electrical 


research, the separate elements of the 
telegraph; that enabled him to vinwallsed 
them in new relationships.” 

In the life and work of Morse we ‘can 
identify several features of the “American 
spirit” characteristic of our 19th century, 
which has been described so clearly by 
Dixon Ryan Fox in an address before the; 
Newcomen Society. Morse showed in 
but few instances anything but a self- 
disciplined decency and concern for truth. 
He had a basic respect for hard work, 
and as a speculator in both art and teleg- 
raphy he was prepared to weight the 
balance with his sweat in the same way 
as the pioneer farmers of the West. 

He was a combination of inventor and 
promoter, of whom the United States was 
fortunate in having several in the last 
century. Typical of many of his time he 
seems to have had a personal philosophy 
that was a blend of idealism and materi- 
alism, with the latter strain tending 
toward dominance. He is an outstanding 
example of the opportunity which 
America, in contrast to Europe, offered 
to a man to rise, fall, rise, fail, and rise 
again. His ultimate success showed that 
this was a land of opportunity, not only 
for young men—and let us remember 
that Morse was 53 years old in eg 2 
for older men as well. 
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ELECTRICAL ENGINEERING 


/ Electrically Heated Homes in the Tennessee 


HE USE of electricity for house heat- 
ing is not new. As early as 1914, 
homes in the Northwest were being heated 
by electricity. It is estimated that by 1920 
there were over 2,000 homes in Tacoma, 


Wash., using this means of heat. For a- 


few years prior to the war, the use of elec- 
tric heating spread rather rapidly on the 
west coast, particularly in central Cali- 
fornia. ni 

The use of electricity as the main source 
of heat in homes located in the Tennessee 
Valley area began about 1935. It is esti- 
mated that today there are approximately 
1,000 electrically heated homes in the 
valley. These are scattered quite widely 
throughout Tennessee and the northern 
parts of Alabama and Mississippi. 

Public acceptance of this type of heating 
is now quite well established in this section. 
The experiences of those using electric 
heating have proved its many advantages, 
among which are cleanliness, elimination 
of fuel storage and waste removal, quick 
availability for sudden cool spells or to 
drive off the chill of an early fall or late 
spring evening. This form of heat offers 
an almost ideal means of maintaining heat- 
ing comfort in the home. During the two 
years before the war curtailed general 
home building, there were quite a few new 
homes provided with electric-heating in- 
stallations. Recent inquiries indicate that 

there exists a keen interest in heating 

homes electrically. At least four invest- 
ment builders have expressed their inten- 
tion of building several new “all-electric” 
homes, including electric heating, as soon 
as materials again become available. 


INTEREST IN ELECTRIC HOUSE HEATING 
GROWING 


In the Tennessee Valley region elec- 
tricity is distributed to the consumer 
through municipalities and rural electric 
co-operatives which in turn purchase it 
from the Tennessee Valley Authority. 
The.areas served by these systems vary 
widely in extent and number of customers; 
therefore, the problems of house-heating 
loads are not the same for all of them. 

The growing interest in electric house 
heating has stimulated much discussion 
concerning the effect of this type of load 


on distribution systems. A number of 
Reales ite ras Gl Se gh ol lee ee 


Essential substance of a conference paper presented at 
the AIEE summer technical meeting, St. Louis, Mo., 
June 29, 1944, ; 

Buford H. Martin is electrical engineer, division of elec- 
trical development, Tennessee Valley Authority, Chat- 
tanooga, Tenn. 
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The growing interest in electric 
house heating has stimulated 
much discussion concerning the 
amount of energy required and 
the cost of heating homes of dif- 
ferent sizes and types of con- 
struction, the load demands of 
a heating installation, and the 
effect of this type of load on a 
distribution system. Data col- 
lected by the Tennessee Valley 
Authority and analyzed in this 
article help to answer some of 
these questions. 


pertinent questions has been raised regard- 
ing the amount of emergy required and the 
cost of heating homes of different sizes 
and types of construction, the load de- 


mands of a heating installation, and the 


time of day when these occur. 

In order to help answer some of these 
questions, the Tennessee Valley Authority 
has collected considerable data on the 
operation of various heated homes located 
throughout the region and has made some 
analyses of these data in order to deter- 
mine: 

1. How this form of heat is ‘accepted by the 
consumer from the standpoint of service and 
cost. 


2. The amount of energy used for heating 
in well-insulated houses as compared with 
the amount required for heating uninsulated 
houses. » 


3. The load characteristics of electric house 
heating and its effect on the power demands 
of the distributor. 


4. The value of this type load as a potential 
source of revenue. 


It should be noted that this study is some=) 
what limited in scope. There are some- 
factors which we have not been able to 

analyze up to the present time. Through 

extensive co-operation of various power 

distributors data on a number of typical 

electrically: heated homes have been col- 

lected. These include information on the 

size of house, type of construction, family — 
occupancy, heating installation, number 
of kilowatt-hours used, and load-demand 

records, 


MANY FACTORS AFFECT HEAT REQUIREMENTS 


Regardless of the method employed to 
provide heat in a house, certain basic 
principles must be observed. These have. 
to do with the heat requirements and heat 
losses of the structure itself. Various ma- 
terials and combinations of materials are 
employed in the construction of houses, 
The rate of heat transfer through walls, 
ceilings, and floors has been the subject of 
extensive laboratory tests; and data are 
available from a number of reliable 
sources by which the theoretical heat losses 
from any building can be computed. The 
actual amount of heat used in a given 
home, however, may vary quite widely 
from such theoretical quantities, because 
of different conditions of occupancy. The 
room temperatures maintained have been > 
found to vary widely among different fami- 
lies." In some homes, occupied only by a 
husband and wife, with both working, 
little heat is used except in the evenings, 
while in other homes where there are 
small children or elderly persons, high 
temperatures are maintained throughout 
the day. Many families are careless about 
keeping outside doors closed, and often 
larger children pass into and out of the 
house frequently. These factors often 
affect quite substantially the amount of 


Table I. Analysis of Electric-Heating Data Collected From 30 Residences of Various 


Sizes 


Averages Per House in Size Groups 
pe be ee eS eee eee 


Volume 


Number of Rooms (Cu Ft) Total 


Connected Load (Kw) 


Heating 


Annual Kwhr Annual Revenue 


Total Heating Total Heating 


—_—_—_—_—— eee ————————_—_—ai_ TF 


Yer DAM. Sone C5240 Fe ayers DBT Vea). 9S  sikeaemers TAS48i). . °9)3147 ARR. $126.80...$ 48.50 

LS Btrs toch er aaie AO Oech dhe S100. 4.10.50) 9 Ueieeren 16,910. . .10,186 7 +) 134,84. 00, 52514 

Os Peres atest 115780... 3. Bi eO0l.  2os 00 MN Misteise rt 22,3995 + whOs OH) 28 ote tae 174.78 89.58 

Od pminae tou aces 1922 ee BO) 505, 32.900 9) “nes Zoi TI eck iyOO! ©) wae ne 184.39 105.07 
Average per house........ 8,930... 6. S420 Lote © mens 18,;278..5%:12,052; sities 147.07 65.98 
Average per room........ MESS TEL ne GIOIRIO LOM! . Oi wousy dayarine 2 27 4b deni dg eetarglt aielaeee 12.40 
Average percubic foot. 2... seer cece e reese ees DTS Watts, «<< 05 canons Sons ex cnn ree 0.0074 


The group of 30 residences from which the above averages were derived consisted of ten each of the four- and five- 


room houses and five each of the six- and nine-room houses. 
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heat used. Irregular habits of living, 
absence from home, and differences in 
retiring time also have their effects on the 
heat requirements of a home Often 
these have more influence on the amounts 
of energy used than the differences in de- 
gree-days. 

_ The Tennessee Valley lies within a 
region which has moderate climate. The 
normal winters average about 3,200 de- 
gree-days. The degree-day is a unit 
based upon the temperature difference in 
Fahrenheit degrees between the mean tem- 
perature of the outside air over a 24-hour 
period and 65 degrees Fahrenheit. The 
mean temperature is the average of the 
maximum and the minimum temperatures 
of the period. In the southern portions 
of the area the normal heating season is 
2,500 degree-days, and along the northern 
boundary a normal winter has around 
4,000 degree-days. 


THE MAJORITY OF HOUSES ARE SMALL 


The application of electric heating has 
' been confined almost wholly to what might 
be termed small homes. Such a home, 
typical of the majority, has a volume of 
heated space between 6,000 and 9,000 
cubic feet. A few are as large as 12,000 
_ cubic feet. A small four-room well-insu- 
lated house (Figure 1) will have a heat 
loss of about 35,000 Btu per hour based on 
a temperature difference of 70 degrees be- 
tween the outside air and room tempera- 
ture. This is 500 Btu per hour for each 
degree difference. The theoretical heating 
load for a 30-degree day, therefore, would 
be 15,000 Btu per hour, or 106 kilowatt- 
hours for a 24-hour day. With a heating 
season having 3,500 degree-days, such a 
house would require 12,600 - kilowatt- 
hours. This is predicated on the assump- 
tion that all parts of the house would be 
’ heated to the same temperature all the 
time. In practice, however, this is never 
thecase. Usually bedrooms are not heated 
to a temperature so high as that re- 
quired for comfort in the other parts of 
the house. Much of the time no heat is 
used in the bedrooms. This practice re- 
sults in less heat actually being used 
than the computed quantities. 


THE AMOUNTS OF ENERGY USED 


The average amount of energy esti- 
mated as being used for heating is shown 
in Figure 2. In ten four-room houses on 
which data were collected the average is 
9,300 kilowatt-hours per heating season. 
This quantity was calculated from the 
records giving the amounts of energy 
actually used and taking the number of 
kilowatt-hours used during the summer 
months as a base from which the amount 
of energy used for nonheating purposes 
was calculated. The average amount of 
energy used for heating in a group of ten 
five-room houses is 10,200 kilowatt-hours. 
In five six-room houses the average was 
15,500 kilowatt-hours per season and for 
the same number of nine-room houses 
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A. Typical small house designed for electric 
heating 


B. Wall section of house 


7—Roof 13—Moisture barrier 
2—Felt 74—Insulation, 0.06 co- 
3—Sheathing efficient 

4—Guitter 715—Plaster or plaster 
5—Cornice board - 
6—Siding or veneer 16—Base 


7—Resin paper 
8—Foundation 


17—Finished floor 
78—Insulation board 


9— Rafter 19— Building paper 
10—Foist 20—Subfloor ; 
77—Metal angle - 21—Foists 
72—Insulation 22—Termite strip 

23—Footing 
Figure 1 


THOUSANDS — KWHR 


4-ROOM 


5-ROOM 6-ROOM 


Figure 2. Kilowatt-hours used per year 
for heating and for other purposes in 
homes of various sizes 


Dotted line—Heating - 
Solid line—Other uses 
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17,760 kilowatt-hours. The average for 


-— groups are shown in Table I. 


9-ROOM - 


the 30 houses is 1.35 kilowatt-hours per 
cubic foot per season at a cost of 7.4 mills 
per cubic foot on the standard TVA resi-— 
dential rate. Additional data by house ~ 
Further 7 
analysis of the data pertaining to the heat © 
requirements of well-insulated houses as — 
compared to those having poor or no in- 
sulation indicates that the energy required { 
for heating a well-insulated house is from — 
20 to 35 per cent lower. | : ; 
The cost of electric heat should not be 
compared to heating by other means on a 
“‘cost-of-fuel’’ basis alone. Users of elec- \ 
tric heat are quick to point out that sub- 
stantial savings in cleaning and redecorat- ’ 
ing result where this method of heating is 
used. The total construction cost of the — 
house can be reduced through the elimina- — 
tion of space required for the heating plant, — 
or else this space can be utilized for other — 
purposes. Those who use electric heat | 
praise it very highly. : 
. 
1 
q 
1 


‘ 4 
INDIVIDUAL ROOM HEATERS OF THE RADIANT- 
CONVECTION TYPE USED j 


With only a few exceptions the electric- 
heating installations in the Tennessee — 
Valley area employ individual room heat-— 
ers of the radiant-convection type. Most : 
of these are controlled automatically by q 
thermostats built into each heater. This 
method of control provides for different 
temperature levels in various parts of the — 
house. From the standpoint of the power — 

: 
1 
‘ 
; 


_ distributor this has the advantage of im- — 


proving the diversity of the load on the 
distribution system. The installation cost 
of these heating systems, including heaters, 
wiring, and prorated additions to the 
service and metering equipment averages 
about $25 per kilowatt. -: 

In a six-room house, usually the total 
heating load will be divided among seven — 
or eight units which are located in the © 
various rooms, Except during’a warming- 
up period, it is very seldom that all of 
these heaters will operate simultaneously. — 
This results in improving the load diversity — 
both in individual houses and in a group 
of houses. Sa 


TOTAL DEMAND IMPORTANT TO UTILITY 


Inasmuch as it is the complete load — 
and not the heating load alone which 
must be served by the power distributor, 
the total demand of any individual house | 


_ or group of houses becomes of extreme im- 


portance. In order to arrive at some idea 


of the character of a daily load curve on 


“all-electric” homes having heating instal- 
lations in addition to cooking, water heat- 
ing, refrigeration, lighting, and miscel- 
laneous appliances, recording instruments 
were installed in a group of six adjacent 
houses at Knoxville and in several indi- 
vidual houses in Chattanooga. All of 
these houses are of recent construction, and 
the electric-heating systems were installed — 
when the houses were being built. The 
Knoxville group consisted of four. four- 
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Figure 3. Demands on six electrically 
heated houses 


February 6, 7, and 8, 1942 
Solid line—Saturday; 28 degree-days 
Dashed line—Sunday; 28 degree-days 
Dotted line—Monday; 24 degree-days 


room and two five-room houses extremely 
well-insulated. The radiant-convection 
heaters are flush type installed in the out- 
side walls, and the heating load totaled 
70 kw for the six houses. In each house 
there were installed a range, water heater, 
and refrigerator in addition to lighting 
and miscellaneous appliances. The total 
connected load of the six houses was 162 
kw, an average of 27 kw per house. The 
average total annual energy used for all 
‘purposes over a two-year period was 
67,347 kilowatt-hours, or 11,224 kilowatt- 
hours per house. The portion of energy 
estimated as being used for heating was 
42,279 kilowatt-hours, or 7,046 kilowatt- 
hours per house, which is 63 per cent of 
the total. 
_ This group of six houses having a total 
connected load of 162 kw. is being served 


Satisfactorily by one 50-kva transformer. - 
There are 52 houses in this one subdivision, 


all with electric heat. Each house is 
served through a 50-ampere 240-volt three- 
wire self-contained meter and a 100-am- 
pere service switch. The circuits for the 
heaters are 230-volt and are run with 
number-12 conductor to the small units 
and number-10 conductor to the large 
units. The load is divided among eight 
transformers. These are arranged as indi- 
cated in Table II. 

‘Demand readings were taken of group 2 
for several days during the month of 
February 1942. These readings for three 
days are. shown in Figure 4. The maxi- 
mum 30-minute demand recorded during 
this test was 49.5 kw. This occurred be- 
tween 8 and 8:30 a.m. The outside tem- 
perature at the time was 36 degrees 
Fahrenheit. The maximum hourly de- 
mand was 37.5 kw which occurred between 
6 and 7 a.m., when the outside temperature 
was 28 degrees Fahrenheit. 
previous check made in January, a maxi- 
mum 30-minute demand of 57.5 kw was 
recorded. At the time of this peak, the 
outdoor temperature was ten degrees 
Fahrenheit. The daily load curves shown 
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During a . 
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are typical for this group. Similar data 
were obtained for several individual houses 


at Chattanooga. Typical load curves of 
two methods of operating the heating 
equipment are shown in Figure 5. 

A six-room house having a total load of 
37.5 kw with 23.0 in heating established a 
30-minute demand of 17.7 kw January 13, 
1944. The peak hourly demand was 17.5 
kw. This peak occurred between 7 and 
7:30 a.m. with an outdoor temperature of. 
31 degrees Fahrenheit. These demands 
were obtained by means of a graphic am- 
meter which indicated the instantaneous 
load. On the same day the maximum 
instantaneous demand reached 19.0 kw 
and lasted for about ten minutes, The 
load factor for this day was 29 per cent. 
An interesting contrast to this curve is 
one showing demands for the same day of 


another house located a short distance 


from the first. The total connected load 
in this house is 33.0 kw, and the heating 
load is 19.0 kw. The maximum 30-minute 
demand recorded for this house on that 
day was 6.9 kw, which is only 21 per cent 
of the connected load.. The load factor 
for the 24-hour period was 76 per cent. 
Further investigation developed the fact 
that in this house the family -allowed the 
heaters in the living room and a hall to 
operate throughout the night, while in 


‘ the other house all heaters were switched 


off when the family retired and turned on 
again next morning. The benefit to the 
power distributor of the all-night operation 
is obvious. 


GOOD DIVERSITY OBTAINED 


By selecting from a number of typical 
daily load curves showing hourly demands 


Table II. Eight Transformers Serving 52 
Electrically Heated Houses : 


Houses 
Served 


Transformer Rating 
(Kva) 


Average per house—6.96 kva. 
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Figure 4. Typical daily load curves on 
two houses illustrating the effect of differ- _ 
ent schemes of operation 


January 13, 1944; 30 degree-days; mean tem- 
perature 35 degrees Fahrenheit 


Solid line—All heat off at night 

7138 kilowatt-hours—maximum demand 17.7 kw 

29 per cent load factor 47 per cent demand factor 

Dotted line—Part of heaters operated continu- 
ously on thermostats 


126 kilowatt-hours—maximum demand 6.9 kw 


76 per cent load factor 27 per cent demand factor 


recorded when the degree-day require- 
ments were approximately the same, a 
composite curve of ten houses was pre- 
pared.. The maximum demand per house 
was found to be 6.6 kw or 21.7 per cent 
of the total average connected load. The 
period when the highest demands came 
falls between the hours 6 and 9am. A 
slight increase in load at noon and part 
of the evening peak between 6 and 7 
o’clock most likely are due to cooking 
operations. The daily load factor for 
this hypothetical group is fairly high, 
being 58 per cent. } 


EFFECT OF HOUSE HEATING ON SYSTEM LOAD 
CURVES 


In order to gain some idea of the effect 
which house heating may have upon the 
pattern of a system’s load curve, a number — 
of typical winter days was selected, and — 
the hourly demands for distribution sys- 
tems of various sizes were plotted. Upon 
these curves were superimposed hypo-. 
thetical demands representing a house- 
heating saturation between three and five 
per cent. It is believed that these are an 
indication, at least, that while the effect 
would be somewhat different for each 
system, in general, there would be no great 
variations from the existing patterns. 

There is, of course, the argument that 
house heating is a seasonable load and 
therefore an undesirable one. If one as- 
sumes the Knoxville group of houses to 
be typical, a curve has been prepared 
showing the number of kilowatt-hours used 
by months for a period of three years 
(Figure 6). It is obvious that the major 
portion of energy used for heating is con- 
fined to a period of three or four months. 
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months 


for all purposes in a group of six four-room and five-room well-insulated and eletrically 
heated houses located on Bobwhite Lane, Knoxville, Tenn. 


Dotted line—For heating 
Solid line—For all other uses 


This suggests a need for some type of load 


‘which would tend to build up the low use 
of the summer months. Air conditioning 
has been suggested as one probable means 
of doing this. While air-conditioning 
equipment would not use an amount of 
energy equal to that required for heating, 
its general use would help considerably 
in increasing the number of kilowatt-hours 
used in July, August, and early September, 
and in improving the annual load factor. 
_ The use of reversed-cycle refrigeration to 


provide summer cooling and winter heat-. 


ing has been suggested as a probability. 
After the war we may see a limited appli- 
cation of the reversed-cycle principle in 
areas having moderate winters, but there 
are still some features about it which must 
be overcome before its use can be suffi- 
ciently widespread to make it important 
in the potential house-heating field. In 
the meantime a combination of space 
heaters and room-cooling units may be- 
come the first step to all-year air condition- 
ing in the home. There are many indica- 
tions of a growing interest on the part of 


stallations of electric heating were made | 


_been outlined in this article are not com- 


factor in the load-development picture for | 
_ the postwar period. While there is aq 


architects, investment builders, and 
pective home owners in electric heating 
It would be unfortunate indeed if 


houses unsuited to their use. ‘There is 
danger that electric heating may be i 
stalled in old houses, or in houses that are 
not insulated, with results that would 
prove both expensive and disappointing. 
Most likely, if this were permitted, elec- 
tric house heating would be seriously re- 
tarded, and it would reflect most unfavor- 
ably upon the industry as a whole. 


CONCLUSION | ) 
The studies the results of which have 


plete. It is hoped that much more com- 
prehensive data can be developed when 
the war emergency is over. There should 
be more information, for example, on the 
effects of greater extremes of temperature 
variation than those encountered in the 
periods referred to herein. The effects o 
successive levels of saturation of space- 
heating installations on the costs of dis- 
tribution will be a matter of direct interest 
to utilities and should be studied carefully. ; 
Nevertheless, the preliminary results which 
are already available are important 
revealing that the costs to the consumer 
and the advantages to him of electric heat 
are such that in some areas it will be a real 


good deal of work still to be done in order 
to determine the total effect of this load | 
on costs of service, it has been learned that 
under many conditions there is a high de- 
gree of diversity with consequent lowering 
of the distribution costs. Some distribu- | 
tors of IVA power already have found 


-reason to believe that oe Spaces! 


load is a profitable one. } 


Searchlight Supplements Radio Communication 


Specially designed by the Westinghouse 
Electric and Manufacturing Company to 
withstand a degree of rough service required 
of few shipboard lights, this searchlight is 
here being tested for the intensity of its beam, 
Mounted 
on the open decks of United States battleships, 
cruisers, and destroyers, the signal light sub- 
stitutes for radio communication to airplanes, 
and other ships, when radio 
signals might be intercepted by the enemy or 
are ineffective because of weather conditions. 
The glass of the lens, ten times. stronger than 
plate glass, will not shatter under the com- 
bined and opposite forces of the heat of the 
lamp and the cold of icy sea water, nor from 
The shutters which 


blink out the messages have been opened and 
closed a total of 2,000,000 times during testing. 


which should be visible for 17 miles. 


shore patrols, 


the blast of giant guns. 
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ELECTRICAL ENGINEERING 


is The ECPD Proposed Canons of Rivics 


\ 


HE TERM “professional ethics” is 

commonly used quite loosely but, in 
fact, it means “rules of right conduct in 
which each item is fundamental to social 
relations” within the scope of professional 
activities. It is often said that engineering 
is not a profession because it has been un- 
able to agree upon a suitable code of ethics 
which applies through the field of all of our 
great engineering societies. The lawyers, 
through the American Bar Association 
many years ago, adopted a code of ethics 


which they have modified and added to in 


the interval and which has 47 items. This 
code is published by the Association under 
the title “Canons of Professional Ethics’ 
in a small pamphlet, along with some addi- 
tional matters relating to judicial ethics, 
The doctors also, through the American 
Medical Association, have their code pub- 
lished by the Association in a pamphlet 
called ‘“‘Principles of Medical Ethics,” 
containing 42 items. Each lawyer and 
physician usually possesses a copy of the 
- pamphlet relating to his profession and 
cherishes it as of importance in his active 
life. 

The engineering societies have never 
been able to come to such solidarity of 
views. Most of the important engineering 
societies possess codes of ethics, but the 
different codes cover different ground and 
even where items are similar in content, 
the phraseology may be quite different, 
which makes the whole situation of ethics 
in the engineering field quite confusing or 
even chaotic. 

Several years ago officers of two of the 
Founder Societies urged the formation of a 
committee to enter upon the formulation 
of those ethical principles which would be 
appropriate to the entire engineering field. 
The organization of this committee was 
undertaken by the President of the Ameri- 
can Engineering Council (AEC), which 
then existed and which had at its head 
Alonzo J. Hammond, a Past-President 
of American Society of Civil Engineers. 
Each of the national societies constituent 
to AEC was asked to appoint through its 
board of directors a member of an engi- 
neers’ joint committee on ethics. This was 
done, and the committee has steadily gone 
forward in the effort to formulate a code of 
ethics which is adequate in the field of 
engineering and yet is sufficiently specific 
to be a sound directive to the young engi- 
neers as well as an inspiration for the 
young and the old. . 

In this formulation, it has been the 
Dugald C. Jackson, professor emeritus of electrical 
engineering, Massachusetts Institute of Technology, 
Cambridge, Mass., is chairman of the committee on 


ethics of Engineers Council for Professional Develop- 
ment; he was president of AIEE 1910-11. 
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For some years efforts have been 
made to establish a uniform 
code of ethics that would be 
acceptable to all branches of the 
engineering profession. The 
project is now under sponsor- 
ship of Engineers Council for 
Professional Development; its 
history and present status are 
outlined here. 


effort to include only items which are 
definitely rules of right conduct that are 
fundamental in social relations and that 
are frequently enough violated in engi- 
neering relations to make it desirable to 
have the rules in formal adoption, at the 
same time avoiding features of practice 
which may be changed as a consequence 
of current modification of customs and 
also avoiding features that are dealt with 
as matters of law through statutory proc- 
esses or are dealt with as tenets of religion. 


The AEC, which had been supported 


by the Founder Societies, was dissolved 
and the Engineers’ Council for Profes- 
sional Development (ECPD) undertook 
the sponsorship for this committee. There- 
fore three additional societies, which were 
constituents of ECPD but had not been 
constituents of AEC, added their repre- 
sentatives to the committee. The group 
of societies now comprises the following: 
American Society of Civil Engineers, 
American Institute of Mining and Metal- 
lurgical Engineers, The American Society 
of Mechanical Engineers, American Insti- 
tute of Electrical Engineers, The Engineer- 
ing Institute of Canada, The Society for 


the Promotion of Engineering Education, 


American Institute of Chemical Engi- 
neers, National Council of State Boards of 
Engineering Examiners, and American 
Institute of Consulting Engineers. 

The representative of each society is a 
man well-known in engineering life, and 
most of the individuals ‘are past presidents 
of the society represented or former chair- 
men of its committee on ethics or com- 
mittee on professional conduct. In cer- 
tain instances the representative is both a 
past president and a former or present 
chairman of his society’s committee on 
ethics. | 

The committee finally approved a 
formulation containing 31 items. This 
formulation is denominated ‘Canons of 
Ethics for Engineers.” Here the word 
“canons” is used instead of the word 
“code” because many of the engineering 
societies publish codes of practice that 
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are purely questions of science or of law or 
of convenience, and it seems desirable to 
distinguish clearly between the ethical 
principles and the codes of practice. The 


' precedent of the American Bar Associa- 


tion is a perfectly good one for the use of 
the word “canons” in this situation. 

The 31 items were reported to the 
ECPD for its consideration, and after dis- 
cussion Council referred the proposed 
canons, with the proposal for adoption, to 
its constituent societies for consideration 
by their governing boards. 

It should be remembered that the 
ECPD has no authority of itself to impose 
practices on the engineering field, but it is 
a representative organization established 
for the purpose of proposing measures for 
improving engineering relations and rec- 
ommending the same to its constituent 
societies. Then, if the constituent societies 
approve, the ECPD can proceed with the 
introduction of the idea as a fixed process 
in the engineering field. 

The action of ECPD was to lay the pro- 
posed canons of ethics before its constituent 
societies with the request for comments or 
instructions relating to the formulation, 
and particularly for recommendations of 
elimination of any items which in the 
opinion of any board might appropriately — 
be omitted or recommendations of any 
additional items which in the opinion of 
any board ought to be included but are 
omitted in the submitted draft. 

Much urgency has been expressed for a 
very brief code of ethics, partially on the 
ground that it would be more convenient 
for printing with various papers, or the 


ground that it would be easier for young 


engineers to familiarize themselves with 

the items; but it may be justly stated that 
matters of convenience are not fair grounds 

for judgment of ethical principles. All 
wish for brevity in such a formulation, but 

we should not hesitate to have as many 
items as are appropriately needed for our 
situation. ; 

If a formulation is finally and formally 
adopted, it may be assumed that the 
ECPD will have a pamphlet printed which 
may be provided to their members by the 
engineering societies in a manner analo- 
gous to the manner of circulation of the 
pamphlets previously referred to which are 
issued by the American Bar Association 
and the American Medical Association. 
Then each engineer would have in his pos- 
session a copy of the pamphlet which he 
could cherish and utilize in a manner 
which he felt most desirable. 

At the present time the board of directors 
of the AIEE has approved the ECPD pro- 
posed canons of ethics, with suggestions of 
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the life of an engineer. 


moderate changes of phraseology. The 
same is true of the council of the Society | 
for the Promotion of Engineering Educa- 
tion (SPEE). The American Institute of 
Consulting Engineers (AICE), after very 


careful study by its council, has approved | 


the formulation with the suggestion of very 
considerable changes in the order of the 
items and modifications of phraseology. 
The ASME council has indicated that it 
desires to co-operate with other societies in 
securing a uniform code of ethics for the 
engineering field, and it approves in» 
principle the ECPD proposed canons, 
leaving it now for its committee on pro- 


fessional conduct to advise with it as to 
any recommendation which the council 
should make to ECPD. The board of 
direction of ASCE has the matter still 
under consideration as also has the coun- 
cil of the Engineering Institute of Canada. 
The Detroit Engineering Society, which 
is recognized as a well-organized and well- 
managed local society, has adopted the 
ECPD canons, and these canons are under 
consideration by other local societies. 
The AIEE has taken an important place 
in leadership, along with SPEE and 
AICE, in the approval of these proposed 
uniform Canons of Ethics for Engineers. 


Proposed Canons of Ethics for Engineers 


FOREWORD 


Justice, courtesy, and sincerity, exercised 


with honesty, wisdom, and mutual interest 


between men, make the foundation of ethics. 
This ethical code is prepared for the 


_ guidance of engineers and engineering stu- 


dents and is aimed to express a consensus 
of considered judgment on certain matters 
of common interest to engineers, especially 


* such matters as may not have obvious ethical 


solutions. Ethics should be more than 
passive observance of a code of “don’ts” in 
They should be 
recognized as dynamic principles guiding 
his conduct and his way of life. 

The principles are briefly set forth: in 
‘what follows. 


PROFESSIONAL LIFE AND EMPLOYMENT 


1. The engineer will avoid conduct and 
practices likely to discredit the honor and 
dignity of the engineering profession. 

. 2. He will attempt to co-operate in 
building up the engineering profession by 
interchanging information and experience 
with other engineers and students and by 
contributing to the work of engineering 


societies, schools, and the scientific and engi- 


neering press, without disclosing confidential 
matter, 4 

3. He will present clearly the conse- 
quences to be expected from the deviations 
proposed if his engineering judgment i is over- 
ruled by nontechnical authority in cases 
where he is responsible for the pcbaiesl 
adequacy of engineering work. __ 

4. He will endeavor to protect the engi- 
neering profession and all reputable engi- 
neers from misrepresentation and misunder- 
standing. 

5. He will take care that credit for 
engineering is attributed to those who, insofar 


Prepared by a joint committee from national engi- 
neering societies (American Institute of Chemical 
Engineers, American Institute of Consulting Engineers, 
American Institute of Electrical Engineers, American 
Institute of Mining and Metallurgical Engineers, 
American Society cf Civil Engineers, American Society 
of Mechanical Engineers, Engineering Institute of 
Canada, National Council of State Boards of Engi- 
neering Examiners, Society for the Promotion of Engi- 
neering Education) with sponsorship of Engineers’ 
Council for Professional Development. 


442 


a 


as his knowledge goes, are the real authors 
of the work. ae 

6. He will maintain the principle that 
unduly low compensation for engineering 
employment tends toward inferior and un- 
reliable results and is to the disadvantage of 
his profession. 

7. He will not advertise his work or 
merits in a self-laudatory manner or in a 
way injurious to the dignity of his profession. 


RELATIONS WITH OTHER ENGINEERS 


8. The engineer will not, directly or in- 
directly, injure the pene or business 
of another engineer. 

9. He will not try to supplant another 
engineer in a particular employment after 
becoming aware that decision to employ 
the other has been reached. 

10. He will not compete with another 
engineer on the basis of charges for work 
by underbidding after he has been informed 
of the charges named by the other. 

11. He will not use personally the ad- 
vantages of a salaried position to compete 
unfairly with another engineer. 

12. He will not knowingly review the 
work of another engineer, for the latter’s 
client or employer, without the other engi- 
neer’s knowledge unless the latter’s connec- 
tion with the work has terminated. 

13. He will not knowingly become asso- 
ciated_in responsibility for engineering work 
with engineers who do not conform to ethical 
practices. 


= RELATIONS WITH CLIENTS AND EMPLOYERS 


14. The engineer will endeavor, insofar 
as it is possible, to secure justice between 
his client or employer and the contractor 
when dealing with contracts. . 

15. He will act in professional matters 
for each client or employer as a faithful 
agent or trustee. 

16. He will not accept compensation, 
financial or otherwise, from more than one 
interested party for the same service, or for 
services pertaining to the same work, without 
the consent of all interested parties. 

17. He will not, without the full knowl- 
edge and consent of his client or employer, 
have an interest in any business which may 
bias his judgment regarding engineering 
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' may be called upon to perform, or h 


work for which he is employed « or wh 


interest in a business which may compete 
with the business of his client or employer. 

18. He will not be financially intere 
in the bids as-a contractor on competit 
work for which he is employed as an engineer 
unless he has the consent of his client or 
employer. 

19. He will not accept commissions or 
allowances, directly or indirectly, from con- 
tractors or other parties dealing with his 
client or employer. ; 

20. He will make his status clearly under- — 
stood to his client or employer before under-_ 
taking an engagement if he may be called 
upon to decide on the use of inventions, 
apparatus, or any other thing in which he 
may have a financial interest. 

21. He will regard it his duty to guard 
against dangerous elements in apparatus, 
structures, or plant, or dangerous conditions 
of operation therein, and upon observing 
such conditions in work with which he is 
associated, he will call them to the attention 
of his client or employer. If dangerous con- 
ditions persist with his knowledge, he is not — 
fully relieved of his responsibilities. é 

22. He will, when he is a public officer, 
recognize his limitations and, under such 
conditions, retain and co-operate with other — 
engineering experts and specialists whenever 
such co-operation may be serviceable. 

RELATIONS WITH THE PUBLIC 

23. The engineer will interest himself in 
the public welfare and be ready to apply 
his special knowledge, skill, and training: for 
the benefit of mankind. 

24. He will assist public officials and 
others in attaining a fair and correct general 
understanding of engineering matters, extend 
the public knowledge of engineering, and 
discourage untrue, unfair, and exaggerated 
statements regarding engineering. 

25. He will recognize the fact that meet- 
ings of engineering societies and the engi- 
neering press provide the proper forum for 
technical discussions and criticisms, and 
also that clear statements of facts relating 
to engineering enterprises are often of value 
to the public when they are prepared for 
laymen’s understanding and released by 
competent authority through the public press. 

26. He will not issue ex parte statements, 
criticisms, or arguments on matters con- 
nected with public policy which are inspired 
or paid for by private interests unless he 
indicates on whose behalf he is making the 
statements. 

27. He will not express publicly an 
opinion on an engineering subject without 
being informed as to the facts relating thereto. 

28. He will express no opinion which is 
not founded on adequate knowledge and 
honest conviction while he is serving as a 
witness before a court, ee or other 
tribunal. 

29. He will not lend his name to any 
questionable enterprise or engage in any 
occupation contrary to law. 

30. He will make provisions for safety of 
life and health of employees and of the public 
who may be affected by the work for which 
he is responsible. 

31. He will carry on his work in a spirit 
of fairness and loyalty to associates, sub- 
ordinates, and employees, fidelity to “the 
public needs, and devotion to high ideals of 
courtesy aa personal honor. 


A 
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Flectrical Engineering 


-VilI—Influence of Research on Engineering ; 


FT IS HAZARDOUS to make predic- 
i tions; yet it is proper at this time to 
consider the effect of current and postwar 
research on engineering developments. 
In spite of the glaring contrast between the 
role of scientific research in the period of 
the last war and its part in the present 
conflict, the experiences following World 
War I offer the most helpful standard in 
present evaluations of postwar activity. 
Before the last war American scientific 


~ research lagged far behind~that of our 


chief enemy. We were industrially vigor- 
‘ous; we had outstanding inventers and 
engineers; but our research was relatively 
weak in every field except agriculture. 
There were a few good research labora- 
- tories in industry and creditable activities 
in some of the leading universities. On the 
whole, however, science was not appreci- 
~ ated as the foundation of progress in engi- 
neering, and the ease with which the ma- 
terial needs of a nation opulent in natural 
resources could be satisfied at home or 
abroad fostered this attitude. A research 
career was not particularly attractive to 
the university student, and, consequently, 
trained scientific workers with advanced 
degrees were lacking. Since the universi- 
ties alone train such men, there was no 
hope of keeping up with foreign research. 


The first war has been called an engi- — 


neer’s war. It was a period of great engi- 
neering expansion, but the expansion was 
limited mostly to techniques already estab- 
lished. Thus, we still depended ‘on im- 
ports from Chile for practically all of our 
nitrates. The airplane was still in its in- 
fancy and could not be relied upon even 
for observation, since a sortie over enemy 
lines was but an invitation for a dog fight. 
- The radio, although useful, was a crude 
instrument. Existing knowledge was 
exploited in its design and application, but 
little advanced work was undertaken. As 


7 ee ee 
LL. W. Chubb is of director the Westinghouse Research 
“Laboratories, East Pittsburgh, Pa. 


DECEMBER 1944 


Developments 


L. W. CHUBB 


FELLOW ATEE 


Between World Wars I and II 
the value of scientific research 
was recognized in the United 
States. The years of normal re- 
search which have been com- 
pressed into a period of months © 
in World War II are a tremen- 
dous factor in the winning of the 
war and will have a profound 
effect on the postwar world. 
‘The many war developments 
which are the result of research 
in the electrical and other fields 
may be expected ‘to revolution- 
ize the electrical industry. 


a matter of fact, practically no American 
radio supplies gave service at the front 
before the Armistice was signed. Auto- 
motive transport may be taken as a final 
indication of technological primitiveness: 
the art was so immature that our armies 


had to depend upon rail installations for. 


subsistence and supplies. 

Recognition of the necessity of scientific 
research did not come until we had entered 
the conflict. Soon after 1917 groups such 
as the Naval Consulting Board, the Na- 
tional Research Council, and the Chemical 


Warfare Service were formed to consider. 


and develop new instruments for offense 
and defense. Some of the most urgent 
problems which received considerable at- 


tention, typical of the research activity at 


that time, were gas warfare, sound ranging, 
and submarine detection. Work on new 
and more effective poisonous gases and on 
defensive measures against such gases 
was pursued with considerable success. 
The location of enemy gun batteries by 
the sound of their blasts was another prob- 
lem solved at this time. Then, as in this 
war, the submarine became a great menace 
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to shipping. Methods of detecting these 
undersea prowlers were investigated by 
scientists throughout the country, but the 
work was not co-ordinated properly. 
Much good work was done by the groups 


of scientists and engineers before the end 


of the last war. But, in general, improper 
co-ordination, too little, and too late, char- 
acterized the fruit of their work. Never- 
theless, the seeds of postwar research had 
been sown, and the stimulation rather than 
the immediate results of this war research 
was responsible for the great scientific and 
technical advances from which new ma- 
terials, new processes, new products, and 
major industries emerged. y 
In the peace between 1918 and Pearl 
Harbor, an enormous change in attitude 
toward research took place. There was a 
more abundant supply of men with scien- 
tific training; there was more research in. 
the universities; industrial-research labora- 
tories increased threefold; and many re- 


search foundations were founded to pro- 


vide new knowledge for engineering ap- 
plications. Today, the public expects and 
looks for change and progress; advances 
in any field are items of news; and any 


' industry or company that fails to utilize 


new discoveries and new techniques is soon 
hopelessly out of date. 

In contrast with the last war, steps 
were taken even before Pearl Harbor to 
mobilize the scientific workers of the na- 
tion. The blitz tactics, said to be an 
American idea adapted by Germany, 
called for radically different tools of com- 
bat, defense, communication, and trans- 
port. Fortunately, we had two years for 
observation and preparation before for- 


mally declaring war. The need of further . 


developments in science was evident, par- 
ticularly in engineering, physics, metal- 
lurgy, and chemistry. Practically all 
branches of scientific endeavor have been 
called upon to furnish the allies with the 
devices and supplies needed to meet the 
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present situation. Existing statutes, creat- 
ing the American Academy of Sciences 
and the National Research Council and 
allowing appropriations for scientific re- 
search and development, were fortunately 
available. Vast sums were granted 
through the newly organized Office of 
Scientific Research and Development to 
carry on scientific development of instru- 
ments of war. These organizations 
brought together large groups of research 
men. The leading scientists in the country 
were provided with the necessary labora- 


tory facilities to plan and execute an 


- enormous amount of research work. In 
addition to the work in the special labora- 
tories, OSRD has contracted for research 
and development, on a cost basis, in many 

‘industrial and college laboratories. Simi- 
larly, groups including the Army and 

Navy have contracted for development 
work in the laboratories of industry where 
production could immediately and ef- 
ficiently follow. Never before in the 

' United States nor, indeed, in any other 
country, has such intensive scientific ac- 
tivity been so greatly and successfully 
instigated. 

It has often been said that at least ten 
normal years of research have been ac- 
complished in the last two years. This is 


probably a conservative estimate, par-. 


ticularly when -we consider the prompt 
application of the ideas and discoveries. 
Conception, research, development, engi- 
neering, production, and utilization often 
have been compressed into a period of 
“months rather than the traditional seven 
to ten years from test tube to market. 
There can be no doubt that this vast 
undertaking has been a vital factor toward 
the winning of the war and that the new. 
knowledge gained will have a profound 
influence upon postwar developments. 
Besides the weapons, the defense methods, 
_ and the physical equipment emerging 
from war research, many new and valu- 


‘able materials, processes, and’ scientific 


principles will be available for eppinee se 
application. 

If our peacetime developments are to 
be measured by the wartime accomplish- 
ments, the future will be a bright one, By 
comparison the results of 1917-18 are 
dwarfed; yet the technological advances 
following that conflict were climaxes in our 
industrial and social history. The present 
postwar engineering outlook promises to 


‘be more epochal, but there probably will 


be some delay this time in the application 
of new research to new products and 
services. The last war produced no tre- 


mendous, immediate market for consumer’s. 


goods, because no serious curtailment of 
such goods was necessary in our relatively 
short engagement in the war. The present 
necessary curtailment has created a vast 
and urgent demand. , This demand for 
goods and services, coupled with the task 
of maintaining employment at a maxi- 
mum, requires a prompt reconversion of 
industry. Old models in production or 
those which were just coming into produc- 
tion and for which tools are available, 
certainly should fill these needs and facili- 
tate the transition from war to peace. 

The future of the electrical industry, a 
typical one in many ways, suggests a few 
of the technological advances which 
present and subsequent research affords. 
During the war, the electrical industry 
has been contributing on two principal 
fronts, Power equipment and heavy ma- 
chinery have been limited to the produc- 
tion front and to Naval installations. 
Electric equipment for communication, 
auxiliary devices, control, regulation, in- 
strumentation, ang low-power machinery 
have been serving on the firing line, in the 
air, on the ships—in any installation of con- 
sequence throughout the world. The re- 
search and development necessary for ob- 
taining the most effective weapons has 


been stupendous and has disclosed new 


Apparatus Imitates Sea Motion 


Bolted to the steel 
table at the left, 
sea-borne equip- 
ment is rocked 
back and forth by 
this Western Elec- 
tric Company test- 
ing apparatus as 
it would be during 
an ocean voyage 
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. scientific information, new circu 


capacity has been greatly increased for 


the power field to meet the demand of in- 


vices, and new principles of opera 
which will serve as the basis of enginee 
applications for years to come. 

Restrictions limit the information which | 
can be given concerning many of the pro 
ucts resulting from research work, How- 
ever, a mere mention of some of the fields 
of activity suggests some of the things use-— 
ful in war and applicable in peace—elec- 
tronics, radio, radar, gunfire control, stabili- 
zation of guns and moving equipment, | 
servomechanisms, navigation aids, and 
control devices. A great many of the war 
developments will find almost instant ap- 
plication with little or no further modi- 
fications. Radar isa good example. With — 
it our airplanes and ships may travel at — 
scheduled speeds, assured of safety in fog or — 
darkness, Other techniques utilizing ultra- 
short radio waves can be adapted to com- 
munications, and the increased number of 
frequency bands, beam transmission, and 
limitations of range will help eliminate ~ 
interference. The general adoption of — 
short-wave communication for load dis- 
patching, supervisory control, and remote 
metering in our great utilities is reasonably 
certain. The very successful servomecha- — 
nisms, control equipment, and electronic — 
devices can be applied in peacetime with 
little additional deyclopancHs or engineer- — 
ing attention. 

In the electrical industry, there will be | 
no major problem of conversion as far as 
capital goods are concerned. Installed 


government and war purposes. In spite 
of this, there will be new requirements in. 


dustries released from governmental re- 
strictions and engaged in their peacetime 
production—production which will be — 
stimulated by the war research and de- 
velopment in all fields. 

Research in other than electrical fields 
has produced information and materials” 
which also will be valuable in the electrical 
industry. New and more stable lubricants 
will find general application. New high- 
strength high-temperature alloys developed 
for superchargers and gas turbines will 
permit the use of higher temperatures in 
steam turbines. New compositions of 
matter having unusual properties will be 
useful as high-temperature insulation and 
cooling media; and many metallurgical 
products and methods of fabrication, in the 
long run, will revolutionize our industry 
with entirely new appliances and better — 
more efficient machinery, | 

Although the predictions of the new life. 


. 
| 
| 


in the world to come immediately after 


the war have been exaggerated greatly, — 
the outlook for the future is exceedingly 
bright; and it seems fortunate that the 
empty shelves and the accumulated buying » 
power will permit great industrial activ- 
ity immediately after the surrender and 
allow time for the engineers to remold the 
world with the new scientific knowledge of — 
which there is an abundance, 
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Winter Technical Meeting to 
Feature Wartime Developments 


Arrangements are being made for the 
winter technical meeting, which will be held 
in New York, N. Y., January 22-26, 1945, 
with headquarters in the Engineering Socie- 
ties’ Building. Many wartime developments 
with interesting postwar applications will be 

presented in some 32 technical sessions and 
conferences, Also during this meeting the 
Edison Medal will be presented. In addition 
the Institute of Radio Engineers will hold 
their winter technical meeting concurrently, 
January 24-27, to permit engineers interested 
in radio and communication work to attend 
both meetings in one trip. The programs of 
both meetings will be co-ordinated, and as in 
the past a joint AIEE-IRE evening session 
is planned. 


TECHNICAL SESSIONS AND CONFERENCES 


Among the sessions and conferences which 
present wartime developments with postwar 
applications are two air-transportation ses- 
sions; sessions on industrial control, indus- 
trial power applications, and arc welding; 
a conference on wartime practices on dis- 
tribution systems and their effect on opera- 
tion and system design; and a conference on 
statistical methods applied to quality control. 
The development of the propeller milling 
machine, which has helped improve and 
accelerate the ship program, will be pre- 
sented in two papers. Formerly the cutting 
of the spiral helix of a propeller blade was 
an arduous hand operation. The develop- 
ment of this machine tool has been made 
possible only by the close co-operation of 
electrical engineers and mechanical engi- 
neers. In another paper basic Selsyn systems 
and the characteristics of their components 
with servo mechanisms will be described. 
This type of control has had many military 
and industrial applications with new de- 
velopments in the older principles and new 
applications of modified designs. Power- 
station auxiliaries, carrier-current applica- 
tions, relays, circuit breakers, electrolysis, 
lightning, and insulation will be the subjects 
of other sessions of particular interest in the 
central-station field. Details will be given 
in the January issue as the program develops. 


SMOKER 


To afford recreation and an opportunity 
to get together with friends in pleasant sur- 
roundings a smoker will be held Tuesday 
evening, January 23, at the Hotel Commo- 
dore. Insofar as possible all of the features 
of this affair will be provided as in previous 
years. Tickets, including the dinner and 


show, will be six dollars per person, including | 


tax. Tables for ten can be reserved by ad- 
vance payment. Checks should be made out 
to “Special Account, National Secretary, 
AIEE.” 


THEATER TICKETS 


Every effort is being made to have choice 
tickets available for the best shows. These 
are being reserved for the evenings of Wed- 
nesday, January 24, and Thursday, pare 
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25. Preference will be given to requests from 
out-of-town members. Members desiring 
tickets for specific performances on these or 
other dates may write to Institute head- 
quarters enclosing checks made out to 
“Special Account, National Secretary, 
AIEE.” The theater-ticket committee will 
do its utmost to take care of such requests. 

. Alimited number of seats are now availa- 
ble for “Oklahoma,” ‘‘Song of Norway,” 
and “Voice of the Turtle.” Ticket prices 


follow: 

Sougof Norway -.<taaach avn eerie! $6.00 
, Woicecof the Turtle sem seros ateatemie ent at cteees 4.20 

Oklahoma 4.80 


ee ee ee 


COMMITTEES 


The personnel of the 1945 winter technical 
meeting committee, which is making the 
arrangements, is as follows: J. F. Fairman, 
chairman; F, A. Cowan, W. S. Hill, M. D. 
Hooven, A. E. Knowlton, C. S. Purnell, 
C. C. Whipple, R. J. Wiseman. 


AIEE Industrial Distribution 
, Report Available Soon 


The Institute’s committee on industrial 
power applications, working under the 
chairmanship of J. Grotzinger, of the Good- 
year Tire and Rubber Company, has been 
at work for some time preparing a report on 
*Rlectric-Power Distribution for Industrial 
Plants.”” This new publication will be avail- 
able shortly. 

The report co-ordinates the contributions 
of some 40 specialists from the following 
industries: Aircraft, automobile, cable, 
chemical, copper, electric equipment, factory 


insurance, mining, oil, photographic equip- 


ment, rubber, steel, and the utilities. It is 
intended to promote the use of sound engi- 
neering principles in the design of electric- 
power-distribution systems for industrial 
plants and in the selection of equipment for 
those systems. For the purposes of the report 
the distribution system is considered as ex- 
tending from the point of entrance of the 
power-company service or the plant generat- 
ing bus to the terminals of the utilization 
devices. This includes high-voltage sub- 
stations, distribution substations, feeders, cir- 
cuits, switch centers, and protective equip- 
ment. The committee wishes it fully under- 
stood that the report is not an AIEE Stand- 
ard, and the recommendations are not in- 
tended in any way to be mandatory or 
restrictive. 

The function of an industrial-plant dis- 
tribution system is to receive power at one 
or more bulk power sources and deliver it to 
the individual utilization devices or loads, 
such as motors, lights, welders, and furnaces. 
The effectiveness with which a distribution 
system fulfills this function is measured in 
terms of voltage regulation, service con- 
tinuity, flexibility, efficiency, simplicity, 
maintenance, and cost. The proper dis- 
tribution system to use in an industrial plant 
is the one which will provide adequate, 
economical, and safe electric service to the 
plant loads now, and also with an eye to 
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the future. The selection of the system to 
be used involves. consideration of not only 
adequate service to existing loads and first 
cost, but also the cost of operation, mainte- 
nance, and modification of the system to meet 
future changing loads. At no time should a 
saving in cost be made by a sacrifice in 
reasonable safety to life or property. The 
report within its scope analyzes the service 
requirements, voltage-regulation problems, 
load characteristics, and distribution-system 
characteristics, and it also deals with the 
selection of equipment for distribution sys- 
tems. Operating and maintenance prob- 
lems are dealt with only insofar as they affect 
system and equipment selection. 

To give a comprehensive picture of the 
vast amount of valuable data made available 
to industrial engineers through the publica- 
tion of this report would require more space 
than is here available. A listing of the six 
chapter headings, however, will give a brief 


_ view of the scope of the work. They are as 


follows: System planning; primary sub- 
stations and feeders; transformers, primary 
switchgear, and low-voltage feeder pro- 
tection; low-voltage feeders, panel boards, 
bus distribution systems, and load circuits; 
fault-current calculations; wires and cables. 

The Institute’s committee on industrial 
power applications believes that this publica- 
tion fills a long-felt need in the industrial- 


engineering field and may be the forerunner _ 


of similar reports covering other phases of 
industrial engineering. The new report, 


_ now on the press, is a pamphlet of 112 pages — 


with very heavy paper cover. It is profusely 
illustrated. Copies will be available from 
AIEE headquarters at one dollar each with 
discounts permitted on quantity orders. | 


1944 December Supplement Wea Y 


Contents Announced » 


Technical papers presented before AIEE 
technical meetings during 1944 and not 
published in the monthly Transactions section 
of Electrical Engineering or in the June sup- — 
plement will appear in the December 
1944 “Supplement to Electrical Engineer- 
ing—Transactions Section.” The Decem- 
ber supplement will contain 45 technical 
papers, discussions of those papers, and dis- 
cussions of the papers already published in 
the July-December monthly sections. _Con- 
trary to the announcement made in n the 
‘September issue of Electrical Engineering there 
‘will be only one year-end supplement be ‘be-_ 
cause, although there is a large amount of 
material to be published, it is not enough to 
necessitate two supplements as had been 
anticipated. Issuance of the December 
supplement will complete publication of 
papers and discussions presented before the 
1944 North Eastern District meeting in 
Boston, Mass., April 19-20; the 1944 sum-— 
mer technical meeting in St, Louis, Mo., 
June 26-30; and the Los Angeles technical 
meeting in Los Angeles, Calif., August 29— 
September 1. 

Copies of the supplement will not be avail- 
able until some time after the first of the 
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year, at which time published copies will be 
mailed to those who entered advance orders. 
Others then may obtain copies at 50 cents 
each from the AIEE order department, 
33 West 39th Street, New York 18, N. Y. 

Papers appearing in the December 1944 
supplement, abstracts of which have been 
published in Electrical Engineering i in advance 
of the meetings are: 


Air Transportation 
44-81—A-C and D-C Short-Circuit Tests on Aircraft 


~ Cable; J.C. Cunningham (A’42), W. M. Davidson (A’42). 


Abstracted in April 1944 issue, page 145. 
44-82—Damping Cylinders for Aircraft Gyroscopes; 
“F. R. Sias, J. H. Wright (M’43). Abstracted in April 
1944 issue, page 146. 

44-150—Design Considerations in Aircraft Instru- 
ments to Meet War Service; C. V. Savage (M’43), J. M. 
Whittenton (A’37). Abstracted in the June 1944 issue, 
page 226. ; 
44-180—Alternating Versus Direct Current for Air- 
craft-Radio Power Supply; D. E. Fritz (A’43), C. K. 
_ Hooper. Abstracted in the August 1944 issue, page 309. 
44-183—Electrically Heated Clothing; G. H. Wotring. 
Abstracted in the August 1944 issue, page 309. 
44-189—Design of an Ignition System for an 18- 
‘Cylinder Aircraft Engine; J. R. Harkness. Abstracted 
in the August 1944 issue, page 310. 
44-194—Aircraft-Electric-Accessory-Vibration Investi- 
gation; D. R. Miller (A’42). abstracted in the August 
1944 issue, page 310. 

44-203—A 120-Volt D-C Aircraft Hlectric System; 
L. M. Cobb (A’34). Abstracted in the August 1944 is- 
sue, page 311. 

44-205—Problems in Applying Protectors to Electric 
Aircraft Motors; L. W. Buell (M’44). Abstracted in 
the August 1944 issue, page 311. 

44-223—Cable Used for Transmitting Electric Energy 
in Airplanes; M. F. Peters, J. J. Phillips, Max Kron- 
stein, H. B. Jealous. Abstracted in the August 1944 
issue, page 313. 

44-225—=A-C Supplies for Services in Large Aircraft— 
a British View; E. J. Earnshaw, J. B. Shearer. 

44- .227-—Aircraft-Engine-Accessory Vibration; 
Tyler. 

44-229—=Plastics in Aircraft Electricity; £. B. Cooper. 
Abstracted in the August 1944 issue, page 313. 
44-231—New Test Chambers for Aircraft Electric 


John 


_ Apparatus; E. R. Summers (A’38), J. F. Settle (A’42), 


Abstracted in the August 1944 issue, page 313. 
44-233—<Airplane Engine and Propeller Test-Cell 
Lighting; D. H. Tuck. Abstracted in the August 1944 
issue, page 313. ; 
44-237—<Impedance of 400-Cycle Three-Phase 
Power Circuits on Large Aircraft and Its Application 
to Fault-Current Calculations; C. K. Chappuis (A’47), 
L. M, Olmsted (M39). Abstracted in the August 1944 
\issue, page 313. — 
44-241—Design Considerations for D-C Aircraft 
Generators; J. D. Miner, Jr. (M’42). Abstracted in 
the August 1944 issue, page 314. 


Communication 


44-126—Developments in the Field of Cable and 
Radiotelegraph Communications; Haraden Pratt (F’37), 
J. K. Roosevelt (M ’30). Abstracted in the June 1944 is- 


_ gue, page 227. 


44-127—American Telegraphy After 100 Years; F. 
E. @ Humy (F’30), P. J. Howe (A’09). Abstracted in the 
June 1944 issue, page 227. 

44-128—Telegraphy in the Bell System; J. A. 
‘Duncan, R. D. Parker (M?14), R. E. Pierce (M30). Ab- 
stracted in the June 1944 issue, page 227. 


Domestic and Commercial Applications 


44-154—Load-Calculation Procedure for Electric- 
Panel Space Heating; B. F. Raber, F. W. Hutchinson. 
Abstracted in the June 1944 issue, page 228, 


Electric Machinery 


44-169—Progress in Impulse Testing of Trans- 
formers; J. H. Hagenguth (M’44). Abstracted in the 
June issue, page 229. 

44-176—Differential Leakage With Respect to the 
Fundamental Wave and to the Harmonics—Integral- 
Slot and Squirrel-Cage Windings; M. M. Liwschitz 
(M’39). Abstracted in the June 1944 issue, page 229. 


Electric Welding 


44105—The Design of Low-Voltage-Welding Power 

Diitribution; C. A. Adams (F’13), J. R. Fletcher (A 36), 

A. C. Johnson (A’42). Abstracted in the June 1944 is- 

suc, page 229. 

44-125—-An Improved Electronic Control for Cente 
tor-Discharge Resistance Welding; H. J. Bichsel 


. 
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(A’43), E. T, Hughes. 
sue, page 230. 


Abstracted in the June 1944 is- 


Electrochemistry and Electrometallurgy 


44-100—Treatment and Casting of Metals by Elec- 
tromagnetic Forces; W. W. Hoke. Abstracted in the 
June 1944 issue, page 230. 

44-165—Characteristics of Chlorinated Impregnants 
in D-C Paper Capacitors; L. J. Berberich (M36), C. V. 
Fields (A’41), R. E. Marbury (M’36). Abstracted in the 
June 1944 issue, page 230. 


Electronics 


44-11—Analysis of Rectifier Circuits; E. F. Christen- 
sen (A’39), C. H. Willis (F’42), C. C. Herskind (M °40). 
Abstracted in the June 1944 issue, page 230. 
44-78—Development of Excitron-Type Rectifier; 
H. Winograd (M’39). Abstracted in April 1944 issue, 
page 146. 

44-145—Design of an Electronic Frequency Changer; 
C. H. Willis (F’?42), R. W. Kuenning (A’42), E. F. 
Christensen (A’39), B. D. Bedford (M’43), Abstracted 
in the June 1944 issue, page 231. 


Industrial Power Applications 


44-144—The Electronic Converter for Exchange of 
Power; F. W. Cramer (M’40), L. W. Morton (A’38), 
A. G. Darling (M’44). Abstracted in the June 1944 is- 
sue, page 231. 
44-236—Vacuum-Tube Radio-Frequency Generator— 
Characteristics and Applications to Induction Heating; 
T. P. Kinn (M°?44). Abstracted in the August 1944 is- 
sue, page 314. 
\ 


Instruments and Measurements 


44-161—A Resonant-Cavity Method for Measuring 
Dielectric Properties at Ultrahigh Frequencies; C. WV. 
Works (A’40), T. W. Dakin, F. W. Boggs. Abstracted in 
the June 1944 issue, page 232, 


Marine Transportation . 


44.159—Fault Protection on Shipboard A-C Power- 
Distribution Systems; H. G. Rickover (M’44), P. N. 
Ross. Abstracted in the June 1944 issue, page 232, 


Power Transportation 


44-106—The Effect of Weather on the System Load; 
H. A. Dryar (M43). Abstracted in the June 1944 issue, 
page 232. ; 

44-107—Conditions Controllitig the Economic Selec- 
tion of Prime Movers; B. G. A. Skrotzki. Abstracted in 
the June 1944 issue, page 232. p ry 


Power Transmission and Distribution 


44-114——The Measurement of Lightning Currents in 
Direct Strokes; G. D. McCann (M’44). Abstracted in 
the June 1944 issue, page 233. 
44-115——Transmission-Line Electric Loadings; S. B. 
Crary (M’37). Abstracted in the June 1944 issue, page 
233: 

44-117—Capacitor Testis at Newport News; 
V. R, Parrack (M37), E. L. Harder (M41). iAbbstracted 
in the June 1944 issue, page 233. 

44-118—Capacitors, Condensers, and System Stabil- 
ity; J. W. Butler (M’38), T. W. Schroeder (M44), W. 
Ridgway (A’41), Abstracted in the June 1944 issue, 
page 233. 

44-130—Impulse Strength of Insulated-Power-Cable 
Circuits; Herman Halperin (M ’26), G. B. Shanklin(M ?29), 
Abstracted in the June issue, page 233. ; 
44-131—Cyclic Movement of Cable—Its Causes and 
Effects on Cable-Sheath Life; C. S. Schifreen (M43). 
Abstracted in the June 1944 issue, page 233. 
44-215—-An Analysis to Determine the Optimum 
Bussing Arrangements and Transmission Capabilities 
at Grand Coulee; B. V. Hoard (M’36), G. W. Bills 
(A’38). Abstracted in the August 1944 issue, page 314. 
44-226—New 138-Ky Underground Cable Lines in 
Los Angeles; C. G. Mansfield (M’42). Abstracted in 


the August 1944 issue, page 314. 


AIEE Board of Directors Meets 


At the regular meeting of the AIEE board 
of directors held at Institute headquarters, 
New York, N. Y., November 2; 1944, the 
board confirmed approval by the executive 
committee, for submission to the American 
Standards Association for adoption as an 
American Standard, a proposed revision of 
American Standard 232.5, “Graphical Sym- 
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-cants were elected to the grade of Member; 


_ August, 


Institute bylaws to be amended accordingly. 


_ Of the nature of a District meeting. 


‘national nominating committee, in accord- — 


bols for Telebhones Telegraph, aif R c 
Use.” 
Also confirmed were the following actions 
of the executive committee as of Septembe: 
27, 1944: 12 applicants transferred to the 
grade of Fellow; 89 applicants transferred, 
and 57 elected to the grade of Member; 219 
applicants elected to the grade of Associate; 
421 Students enrolled. 
Reports were presented of meetings of the 
board of examiners held September 21 and 
29 and October 19, 1944, and the recom- | 
mendations adopted at those meetings were 
approved by the board of directors. Upon 
recommendation of the board of examiners, 
the following actions were taken: 22 appl: 


74 applicants were elected, and one was re- 
instated to the grade of Associate; 200 Stu- 
dents were enrolled. 

Upon petition, the members of the board 
present voted unanimously for the election 
of Dugald C. Jackson as an Honorary 
Member of the Institute, the votes of absent 
members to be obtained by letter ballot, as” 
the constitution specifies that Honorary 
Members shall be elected by the unanimous 
vote of the entire board. (Affirmative votes _ 
subsequently were received from all absent 
board members.) a 

The finance committee reported budget 
expenditures amounting to $29,144.76 in 
$28,895.93 in September, and — 
$38,683.02 in October and submitted a 
budget for the appropriation year beginnning ~ 
October 1, 1944, amounting to $450,000, — 
which was approved. ft 

A new formula, increasing the allotment 
of funds to Sections, as recommended by the — 
Sections committee and the finance com- 
mittee and applied to the 1944-45 budget, 
was adopted as a permanent policy, the 


Approval was given to the dates, April 
25-26, for the previously authorized North © 
Eastern District technical meeting in yaa : 
N. Y., in 1945. 

Plans of the 1945 winter icclvitiogl meeting 
committee were reported and approved, 
including a joint evening session with the 
Institute of Radio Engineers, a smoker, and 
possibly technical inspection trips if ey can 
be arranged. 

Authorization was given for a Pacific 
Coast technical meeting in Seattle, Wash., 
in August 1945, the exact dates to be decided ' 
later. 

Upon reoouieiecidantadt of the Standards” 
committee, W. P. Dobson was appointed 
AIEE representative on the Joint Committee 
for Development of Statistical Applications 
in Engineering and Manufacturing. { 

In response to a request of the Mexico 
Section, the board, upon recommendation — 
of the committee on planning and co-ordina- 
tion, voted to grant to the Mexico Section - 
finaticial assistance for an occasional meeting © 

P. L. Alger, R. T. Henry, T. G. LeClair, 
S. H. Mortensen, and C. W. Ricker were 
elected board members to serve on the — 


ance with the bylaws. J. F. Fairman and 
N. E. Funk were designated as alternates. 
The board confirmed the reappointment — 
by the president of H. S, Osborne as an 
AIEE representative on the Standards 
council of the American Standards Associa- 
tion for the three-year term beginning Janu- — 
ary 1, 1945. H. E. Farrer, H. L. Huber, 
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and E. B. Paxton were reappointed alter- 
nates on the Standards council for the calen- 
dar year 1945, 


The reappointment by the president of . 


J. C. Parker as AIEE representative on the 
National Technical Civil Protection Com- 
mittee for the administrative year 1944-45 
was confirmed, 

G. T. Harness having declined reappoint- 
ment as the Institute’s representative this 
year on the Radio Technical Planning 
‘Board, H. A. Affel, chairman of the com- 
mittee on communication, was appointed in 
his place. 

W. C. White, chairman of the committee 
on electronics, was appointed chairman of 
the special committee advisory to the AIEE 
representative on the Radio Technical 
Planning Board, in place of G. T. Harness, 
who declined reappointment this year. 

Minutes of the meeting of the board of 
directors held August 2, 1944, were approved. 

The board approved a letter sent jointly to 
Secretary of State Hull by the presidents of 
the four Founder Societies and the American 
Institute of Chemical Engineers, transmitting 
a suggested program for industrial control of 
postwar Germany, resulting from a study of 
‘the technical and industrial problems in- 
volved in the permanent disarmament. This 
plan pointed out the fact that an indiscrimi- 
nate destruction of the German industrial 
system, failing to differentiate between the 
wartime and peacetime economy of the 
country, would penalize not only the owners 
of the materials destroyed, but the world as 
a whole, and outlined certain steps which, if 
followed, would make it impossible for Ger- 
many to wage or prepare for war, and would 
do this with the least disturbance to the 
normal economy of Western Europe. 

_ Other subjects were discussed, reference to 
which may appear in this or future issues of 
Electrical Engineering. 

Those present at the meeting were: 


President—C. A. Powel, East Pittsburgh, Pa. 
Past President—N. E. Funk, Philadelphia, Pa. 


Vice-Presidents—L. A. Bingham, Boulder, Colo.; C. B. 
Carpenter, Portland, Oreg.; M. S. Coover, Ames, 
Iowa; J. F. Fairman, New York, N. Y.; W. J. Gilson, 
Toronto, Ontario, Canada; R. T. Henry, Buffalo, N. Y. 


Directors—P. L. Alger, Schenectady, N. Y.; K. L. Han- 
sen, Milwaukee, Wis.; C. M. Laffoon, East Pittsburgh, 
Pa.; T. G. LeClair, Chicago, Ill.; M. J. McHenry, 
Toronto, Ontario, Canada; C. W. Mier, Dallas, Tex.; 
i S. H. Mortensen, Milwaukee, Wis.; W. B. Morton, 
Philadelphia, Pa.; D. A. Quarles, New York, N. Y.; 
W. R. Smith, Newark, N. J. : 


) National Treasurer—W. I. Slichter, New York, N. Y. 
National Secretary—H. H. Henline, New York, N. Y. 


i Industrial Control Apparatus. The 
American Standard for Industrial Control 
} Apparatus, C19.1” (AIEE number 15) 
jssued in March 1944 should be corrected 


Future AIEE Meetings 


} Winter Technical Meeting 
i New York, N. Y., January 22-26, 1945 


| North Eastern District Meeting 
Buffalo, N. Y., April 25-26, 1945 


i} Summer Technical Meeting 
| Detroit, Mich., June 25-29, 1945 
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in accordance with the following errata 
tabulation: 


Paragraph 15-101—Should read “Contactor ratings. . .”” 
Paragraph 15-109—Drop words “‘and numbers” 
Bottom page 15—Equation should be 4X P?2+-0.251m 


Table on page 16—‘Medium Duty” should read 
“65-80” 


Paragraph 15-126—Rise for busses, straps, ... . etc. 
should be “50C” 


Paragraph 15-132—Equation should be 
T=" (234.541) —234.5 
5 


Paragraph 15-146a—Should read “‘Watertight enclosures 
shall... .:ete,” 
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60th Anniversary of First Meeting 
Celebrated in Philadelphia 


The atmosphere of the first recorded 
meeting of the AIEE held in Philadelphia, 
Pa., in October 1884 was recalled to an 
audience of members and guests of the 
Philadelphia Section and distinguished mem- 
bers of the Institute at a commemorative 
meeting held on the 60th anniversary of that 
first historic meeting. 

The setting and historical significance of 
the first meeting was interpreted by Na- 
tional Secretary H. H. Henline (F ’43) who 
followed the outline of the speech delivered 
on that occasion by Edwin J. Houston, 
associate of Elihu Thomson and Thomas 
Edison, who in 1884 was instructor in the 
Central High School in Philadelphia. Mr. 
Henline added a’ note of authenticity to his 
address by frequent quotations from the 
minutes of the first meeting and from Pro- 
fessor Houston’s original talk on the phe- 
nomenon known as the “Edison effect.” 

Charles A. Powel (F ’41), AIEE president, 
devoted his speech on “‘Romance in Engi- 
neering” to inspiring in his hearers the 
pioneer’s attitude toward improvements on 
what may seem to be finished products and 
to exploding the assumption of the casual 
observer that all the nooks and crannies of 
electrical science have been explored. As 
an illustration Mr. Powel pointed out that 
the modern locomotive is as much an 
advance over the first locomotive as the first 
locomotive was over any previous mode of 
locomotion. New vistas are opening con- 
tinually—some of them to be found through 
obvious and routine tasks, others through 
achievements requiring keen analytical in- 


sight and aggressive work, said Mr. Powel. 


In his discussion of ‘“‘Electronics—From 
Glow to Glamour,’ W. C. White (M30), 
director of the electronics laboratory of the 
General Electric Company returned to the 
“Edison effect’? of 60 years ago and traced 
its development down to present-day elec- 
tronics. Two applications of particular 
interest described by Mr. White were the 
magnetic-wire recorder and a modern design 
of a little publicized lighthouse tube. The 
ease and simplicity of operation of the re- 
corder was demonstrated by an on-the-spot 
recording of Mr. White’s talk. 

Two past presidents of the AIEE, Nevin 
E. Funk (F’34) and David C. Prince 
(F 26) also were among the record audience 
of 230. A dinner which preceded the meet- 
ing was attended by 130 persons. 
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ABSTRACTS eee 


TECHNICAL PAPERS previewed in this section 
will be presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, and will 
be distributed in advance pamphlet form as soon as 
they become available. Copies may be obtained b 
mail from the AIEE order department, 33 West 39t 
Street, New York 18, N. Y., at prices indicated with 
the abstract; or at five cents less per copy if pur- 
chased at AIEE headquarters or at the meeting 
registration desk, 


Mail orders will be filled 
AS PAMPHLETS BECOME AVAILABLE 


Air Transportation 


45-3—Speed-Control System for an Air- 
craft-Cabin-Supercharger Drive; F. W. 
Godsey (M’36), J. D. Miner, Jr. (M°42),. 
O. C. Walley (A’44). 15 cents. Cabin super- 
charging is becoming extremely important 
as ceilings for military aircraft are extended 
upward. Many different schemes have 
been worked out for using main-engine 
power to drive variable-speed blowers at 
speeds which will maintain «he desired air- 
flow and cabin pressure at various altitudes. 
Two fundamental problems are: 


1. Providing a variable-ratio transmission between 
the engine and the blower. 


2. Controlling the blower speed to maintain the 
required air delivery. 


In some cases a third problem arises because 
the point of air delivery is at a considerable 
distance from the engine, necessitating either 
a long transmission of power or the use of 
long air ducts. Requirements for remote 
supercharger drives of moderate power may 
be met by means of a variable voltage elec- 
tric coupling. By using suitable motor 
characteristics, the air delivery of a blower © 
connected to such an electric coupling can 
be controlled by a simple regulator designed 
to vary current in proportion to voltage. 
Requirements for the electric equipment 
are developed and laboratory tests on a nine- 
horsepower model are presented to demon- 
strate that the equipment meets the specified 
performance. 


45-5—Simulated High-Altitude Testing of | 
Aircraft Ignition Cables and Connectors; 
H. H. Race (F’39), A. M. Ross, Jr. 15 cents. 
A simulated-high-altitude test apparatus has 
been constructed for subjecting shielded 
ignition-cable-connector spark-plug assem- 
blies to high voltage, high temperature, and 
reduced pressure, the two latter variables 
being cycled to reproduce an essential and 
severe aspect of aircraft-engine operation. 
Several hundred assemblies of many types 
have been tested in this way, and the results 
on test life indicate conclusively the inferiority 
of conventional lacquered-braid ignition 
cables and the necessity for positive and per- 
manent sealing of the spark-plug connector. 
Two components ‘developed during the 
period have been tested exhaustively and 
proved to increase test-life substantially: 


1. Neoprene-sheathed ignition cables. 


2. A composite neoprene—Mycalex integrally molded 
cable terminal. 


Although it does not supplant regular ac- 
ceptance or manufacturing control testing of 
ignition cables, the simulated-high-altitude 
tester fills a definite need for obtaining in- 
formation on new cables and connectors in — 
advance of engine tests. 
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for lighting charts and records,’ 


‘cago Subway; 


45-6—Aircraft Illumination; W. W. Davies. 
75 cents. This paper discusses generally the 
desirability of a complete redesign of all 
lighting of pilot compartments; of sealed 
beam-type landing lights; of such changes 


_in landing lights as automatic bulb changers 


similar to those used in airway beacons; 
of more complete lighting of individual air- 
port runways; of eliminating the flashing 
lights on the belly and top of the plane; and 
of the flashing tip and tail lights so as to give 
adequate visibility from all angles to ap- 
proaching aircraft. With pilot-compartment 
lighting, it is pointed out that there is a gen- 


eral need for over-allillumination of the cock- 


pit primarily for use in checking controls and 
instruments prior to take off and after landing 


_as well as for use in completing paper work in 


the cockpit. Instrument lighting for en route 
flying, however, is extremely important, and 
it is essential to have all instruments lighted 


to the same degree with a provision for chang- 


ing the intensity by means of a suitable 
control. Use of special lighting as well as 
improved over-all cockpit lighting, such as 
fluorescent lights, spot sources of ultraviolet 
so-called 
“red light” for the illumination of instru- 
ments, and other such developments. The 
sealed-beam-type landing light has been 
suggested to the Civil Aeronautics Authority 
for further study. It also is pointed out that 
increased operations, both in terms of volume 
and number of aircraft, along with the 


_ possibility of improved landing equipment 


permitting operation in more inclement 
weather would make the “ribbon lighting” 
of runways desirable. Elimination of belly 
and top flashing lights on aircraft is recom- 
mended in view of reflections in the cockpit 
of the airplane from these lights in mist or 
overcast conditions. Improved methods for 
the installation of reading lights in the air- 
plane cabin, for lights on loading and un- 
loading equipment for both passengers and 
cargo, and for aircraft servicing lights also 
are considered and advantages and disad- 


_ vantages discussed. 


Automatic Stations 


45-7—Supervisory Control for New Chi- 
W.. A, Derr (A°43), C.. J. 
Buck, J. A. Stoos. 15 cents. ‘Visicode super- 
visory control is used to control the power 


supply to the 4.9 miles of subway in Chicago, - 


which were put into operation in October 
1943. In addition to controlling and super- 


vising circuit breakers, the supervisory. equip-— 


ment also controls and supervises the position 
of ventilating fans throughout the subway 
and supervises the position of other devices. 


The supervisory-contro] dispatching-office — 


equipment is located on the 12th floor of the 
Edison Building. The remote-station super- 
visory-control equipment is located at eight 
control centers in the subway. 

Because of the scattered location of equip- 
ment throughout the subway, special single- 


and two-wire extensions were constructed 


from the control centers to provide control 
and supervision of these devices. The 
scheme used provides continuous supervision 
of the continuity of the direct-wire extension 
circuits. On the automatic-reclosing feeder 
breakers a new arrangement of supervision 
was provided. In addition to the standard 
red and green lamp indications, an amber 
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lamp also is used. The red lamp indicates 
that the breaker is closed; the gréen lamp 


indicates that the breaker is tripped and — 


locked out; and the amber lamp indicates 
that the breaker is tripped but not locked out. 
The extra lamp was provided to prevent the 
possibility of having a breaker automatically 
reclose while men were working on a faulted 
section. On all supervisory-control systems 
built in the past, the change in position of a 
device always has been indicated by the 
lighting of a disagreement lamp. The sub- 
way installation marked the advent of anew 
type of indication to indicate an automatic 
operation—the flashing of the red, green, or 
amber position-indicating lamp. ‘The flash- 
ing-lamp signal has proved to be a definite 


. improvement in locating a unit which has 


changed position. ‘The compact arrange- 
ment of the dispatching-office control equip- 
ment places the entire control at the finger 
tips of a single operator. 


Basic Sciences 


45-1—Two-Phase Co-ordinates of a Four- 
Phase Network; E. W. Kimbark (M35). 
75 cents. A four-phase five-wire network is 
analyzed by regarding it as two single-phase 
three-wire networks with common neutral 
and then by replacing each of these two net- 
works by their symmetrical-component net- 
works of zero and first order. The resulting 
substitute quantities are called the two-phase 
co-ordinates of the four-phase network. 
Their properties are similar to those of two- 
phase co-ordinates of a three-phase network. 
The two first-order networks have voltages 
and currents which are normally equal in 
magnitude and 90 degrees apart in phase 
and which thus constitute a two-phase sys- 


‘tem. The four substitute networks are inde- 


pendent, if the original four-phase network is 


symmetrical with respect to two perpendicu- 


lar axes. Connections between substitute 
networks for representing 16 types of short 
circuit on a four-phase network are given both 
for symmetrical components and for two- 
phase co-ordinates, 


Power Generation 


45-4—Evaluation of Electric Distribution 
Losses in Terms of Generating-Station Ca- 
pacity; M. Mortara. 15 cents. Generally ac- 
cepted methods are available for estimating 
the economic value of the energy absorbed by 
electric losses in a distribution system. There 
is no consensus however, on the economic 
evaluation of these losses in terms of their in- 
fluence upon generating-station capacity 
requirements. Such evaluation for an elec- 
tric system of given characteristics can be 
made by mathematical analysis on the basis 
of the long-range trend curve, representing 
the expected development of the system. 
With appropriate assumptions on the type 


-of curve to be used, a rational method is 


developed for estimating the deferments in 
the requirements for new generating ca- 
pacity obtainable by reduction of power 
losses. The economic value of such defer- 
ments then is calculated, showing that the 
cost of power losses is comparable with, 
and may be considerably greater than, that 
of the consequent energy losses, That fac- 
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? tor, therefore, never should be neglected i 


full operating voltage is applied to the wind 


‘tion than methods previously used. 


often are employed in ship-propulsion drives 


- Cause a corresponding change in load cur 


planning studies. 


Marcroft (A’31). 15 cents. Dielectric ab: 
sorption is the name commonly given to the 
effect’ which takes place in electrical insul; 
tion, when it is subjected to a direct potential, 
with reference particularly to the manner in 
which the resulting charging current into 
the insulation decreases with time. The 
time rate of change and the magnitude of the 
observed current are indications of t 
amount of absorbed moisture (among o 
things) existing in the insulation of lar 
generators, which apparatus affords a pra 
tical application of the dielectric-absorption 
phenomenon. ‘A newly wound generator or 
a generator long idle contains moisture in the 
insulation, which should be removed befo 


ing insulation. The method of using t 
dielectric-absorption effect to determine the 
state of dryness of large generators is pre- 
sented as a new means of measurement and 
one better adapted to giving more informa 


Marine Transportation — 


45-2—Damping Effect of D-C Marine Pro- 
pulsion Motors on Vibrations Produced in 
Drive Shafts by Large Propellers;  Ber- ; 
nard Litman (A’42). 15 cents. D-c machines 


where maneuverability and a wide speed 
range are required. The d-c machine also 
has the advantage of serving as a source of 
damping, if propeller pulsation should coin 
cide with the natural frequency at some speed 
This damping force arises because of the 
that any change in speed of the motor 


rent and torque. This torque change acts to 
oppose the original speed change, thus pro- 
viding an effective damping force. The 
necessary equations and circuits are de- 
veloped for calculating this damping effect, 
and an illustrative calculation is included 
with actual test values for comparison. 


Protective Devices 


45-8—Graphical Method of Calculating 
Fault Currents on Rural Distribution 
Systems; F. W. Linder (A °41), 15 cents. 
The purpose of this paper is to describe a 
simple graphical method of calculating fault 
currents on distribution systems which gives 
accurate results and saves time and effort in 
making the calculations. Special reference 
is given to rural distribution systems of th 
multigrounded-neutral type; however, the 
principles of the graphic method may be 
applied to any system. Fault currents ar 
calculated on current diagrams which are 
easy to construct on standard rectangular 
co-ordinate graph paper. The current dia 

grams are designed for a specific system | 
voltage, and a separate diagram is used for 
each type of fault. When the fault currents: 
on a system have been calculated by the 
graphical method, the current diagrams will 
aid in system operation, because they give 
a visual picture of the possible fault currents 
at any location on the system. q 


ELECTRICAL ENGINEERING 


a 


PERSONAL eeee 

Dugald C, Jackson (A’87, M’90, F °12) 
professor emeritus of electrical engineering, 
Massachusetts Institute of Technology, Cam- 
bridge, was elected an Honorary Member 
of the Institute on November 2, 1944. He 
was born in Kennett Square, Pa., on Febru- 
ary 13, 1865, and received a degree in civil 
engineering from Pennsylvania State College 
in 1885. He also has been awarded an 
honorary doctor-of-science degree by Colum- 
bia University and an honorary doctor-of- 
engineering degree by Northeastern Uni- 
versity. Doctor Jackson began his career in 


p03 


Dugald C. Jackson 


‘ 


_ 1887 as vice-president of the Western Engi- 
-meering Company, Lincoln, Neb. In 1889 


he joined the Sprague Electric Railway and 


Motor Company, New York, N. Y., as 
assistant chief engineer, and in 1890 he be- 
came a chief engineer for the Edison Elec- 
tric Company. In 1891, with his brother, 


~ W. B. Jackson, Doctor Jackson organized a 
_ firm of consulting engineers and also was 
appointed professor of electrical engineering 


_at the University of Wisconsin, Madison. 


_ He maintained this position until 1907 when 


he joined the staff of the Massachusetts 


Institute of Technology as professor and 


head of the department of engineering. 
Meanwhile, in 1919, he helped to organize 


the firm of Jackson and Moreland and re- 
mained as senior partner until 1930. He 
retired from the Massachusetts Institute of 


Technology as professor emeritus in 1935. 
Doctor Jackson has been a member and 
chairman of many Institute committees, in- 


eluding the Standards committee, the trans- 
portation committee, and the Edison Medal 


committee, and has served as vice-president 
- (1897-99) and president 
AIEE. During the first World War he 
‘served as a lieutenant colonel with the 
United States Army in France. He was a 
Lamme Medalist in 1931 and received the 
Edison Medal in 1938; is a member of the 
American Society of Mechanical Engineers, 
the American Society of Civil Engineers, the 
Institution of Electrical Engineering (London, 
England), the Société Frangaise des Elec- 
‘triciens (Paris, France), the American Insti- 
‘tute of Consulting Engineers, and the Engi- 
meers’ Council for Professional Develop- 
ment; and has written several books and 
many articles on the subject of electrical 
-engineering. 


DECEMBER 1944 


(1910-11) of 


W. E. Everitt (A’25, F’36) director of 
operational research, Office of the Chief 
Signal Officer, United States War Depart- 
ment, Washington, D, C., has been appointed 
professor and head of the department of 
electrical engineering, the University of 
Illinois, Urbana. His duties will begin 
immediately upon his release from war 
service. Doctor Everitt was graduated from 
Cornell University, Ithaca, N. Y., in 1922. 
In 1926 he received the degree of master of 
science from the University of Michigan, 
Ann Arbor, and in 1933 he was awarded the 
degree of doctor of philosophy by Ohio 
State University, Columbus. From 1920 
until 1922 he taught electrical engineering 
at Cornell University and after his gradua- 
tion was employed by the North Electric 
Manufacturing Company, Galion, Ohio, 
as engineer in charge of the design and de- 
velopment of private telephone exchanges. 
Doctor Everitt joined the staff of the Uni- 
versity of Michigan as an instructor in elec- 
trical engineering in 1924 and remained at 
that institution until 1926 when he was ap- 
pointed assistant professor of electrical 
engineering at Ohio State University. He 
became associate professor in 1929 and pro- 
fessor in charge of communication courses in 
1934 but was sent to Washington in 1942 to 
direct research for the Signal Corps. Doc- 
tor Everitt was recently elected president 
of the Institute of Radio Engineers. 


G. M. Keenan (F ’36) formerly general sales 
manager, Pennsylvania Power and Light 
Company, Allentown, has been appointed 
chief engineer. Mr. Keenan entered the 
engineering field as a student apprentice 
with the Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa., 
after his graduation from Purdue University 
in 1913. In 1915 he went to work for the 
Merchants’ Heat and Light Company, 
Indianapolis, Ind., as repairman, subse- 
quently rising to the position of superin- 
tendent of power, but he returned to the 
Westinghouse Company in 1916. In 1917 
the became a test engineer, the Union Gas 
and Electric Company, St. Louis, Mo., and 
then superintendent of power, Little Rock 
(Ark.) Railway and Electric Company. 
Mr. Keenan became associated with the 
Lehigh Navigation Electric Company, Allen- 
town, Pa., which was merged with the 
Pennsylvania Power and Light Company, 
in 1918. He assumes his duties as chief 
engineer after more than two years with the 
War Production Board, Washington, D. C., 
in connection with electric-power supply. 


J. T. Kimball (A°18) electrical engineer, 
Niagara Hudson Power Corporation, Buffalo, 
N. Y., has been elected a vice-president and 
director of the New York Power and Light 
Corporation and a vice-president of the 
Central New York Power Corporation, 
Syracuse. He will continue to act as con- 
sultant for the companies in the western 
division of the Niagara Hudson system. 
Mr. Kimball was graduated from the Uni- 
versity of Wisconsin in 1914 and then 
entered the employ of the Bell Telephone 
Company, Chicago, Hl. From 1916 until 
1918 he was on the engineering staff of the 
Wisconsin Railroad Commission, Madison, 
and in 1918 he entered the firm of Ford, 
Bacon, and Davis, consulting engineers, New 
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York, N. Y. He stayed with this company 
until 1932 when he became a rate and valua- 
tion engineer for the Niagara Hudson Power 
Corporation. 


O. B. Blackwell (A’08, F’17) formerly 
vice-president, Bell Telephone Laboratories, 
Inc., New York, N. Y., has been elected to 
the board of directors of that company and 
on October 1, 1944, was appointed an 
assistant vice-president, American Telephone 
and Telegraph Company, New York. Mr. 
Blackwell was graduated from the Massa- 
chusetts Institute of Technology in 1906 and 
in the same year entered the engineering — 
department of the American Telephone and 
Telegraph Company, becoming transmission 
and protection engineer in 1914. In 1919 he 
was made transmission development engi- 
neer, and when that department was trans- 
ferred to the Bell Telephone Laboratories in 
1934 he became director of transmission 
development.. Mr. Blackwell was appointed: 
manager of staff departments in 1935 and. 
in 1936 was elected vice-president. 


J- B. Harris, Jr. (A’17) vice-president, 
Rumsey Electric Company, Philadelphia, 
Pa., has been elected president of that com- 
pany. After his graduation from the Bliss 
Electrical School in 1911, Mr. Harris was 
connected with the General Electric Com- 
pany and the Westinghouse Electric and 
Manufacturing Company. He was employed 
as sales engineer by the Pittsburgh (Pa.) 
Transformer Company in 1917 and in 1920 
was a member of the firm of Harris and 
Evans, Philadelphia, Pa., which became the 
firm of Harris and Butler in 1923. Mr. 
Harris was made president of the latter firm 
in 1925 and continued in that position until 
1935 when he was appointed manager of the 
electrical-equipment department, Rumsey 
Electric Company. He became vice-presi- 
dent in 1939. ; 


Deveraux Martin (M’43) formerly chief 
radio engineer, the J. H. Bunnell Company, 
Brooklyn, N. Y., has been appointed chief — 
engineer, the Wilcox-Gay Corporation, 
Charlotte, Mich. Mr. Martin is a graduate 
of the Massachusetts Institute of Technology 
(1929). He was with the Westinghouse © 
Electric and Manufacturing Company, 
Chicopee Falls, Mass., from 1929 until 1931 
as development engineer, and then he 
entered the employ of the De Forest Radio 
Company, Passaic, N. J. After a period of 
five years during which he managed his own 
business, the Martin Radio Laboratory, 
Newcastle, Me., Mr. Martin was employed 
by the Radio Receptor Company, New 
York, N. Y. (1937) and the Federal Tele- 
graph Company, Newark, N. J. He joined 
the J. H. Bunnell Company in 1942. ; 


J. S. Morgan (A’39) switchgear division, 
Allis-Chalmers Manufacturing Company, 
Milwaukee, Wis., has been appointed sales 
engineer-in-charge of switchgear sales. W. 
M. Pickslay (A’31, M’40) assistant engi- 
neer, has been appointed assistant engineer- 
in-charge of the control section of the 
electrical department of the Allis-Chalmers 
Company. 
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OBITUARY 


Frank Anderson Merrick (A’07) vice- 
chairman of the board of directors, Westing- 
house Electric and Manufacturing Company, 
Pittsburgh, Pa., died October 26, 1944. 
Mr. Merrick was born in Pennsylvania in 
1868 and was graduated from Lehigh Uni- 
versity in 1891. After his graduation he 
became an apprentice at the Thomson- 
Houston Electric Company, Lynn, Mass., 
and by 1892 had advanced to factory con- 
_struction inspection. He joined the firm of 
Blood and Hale, consulting engineers, 
Boston, Mass., in 1897 and in 1898 became 
manager and chief engineer of the Steel 
Motor Company, Johnstown, Pa., a sub- 
sidiary of the Lorain Steel Company. When 
~ the Westinghouse Electric and Manufactur- 
ing Company acquired the electrical branch 
of the company, Mr. Merrick was transferred 
to the Westinghouse plant at East Pittsburgh, 
Pa. In 1903 he supervised the building of 
the plant at Hamilton, Ontario, Canada, 
and became its manager of works,. progress- 
ing to vice-president and general manager of 
the Canadian Westinghouse Company, Ltd. 
During the first World War he took charge 
of the Chicopee Falls, Mass., factory and 
_ after the war was sent to England as special 
representative of the Westinghouse Electric 
._ International Company. In 1921 he re- 
assumed his duties in Hamilton, Ontario, 
and in 1925 he was made vice-president and 
general manager of the company’s offices 
at East Pittsburgh. Mr. Merrick became 
president of the company in 1929 and vice- 
chairman of the board in 1938. 


John H. Gardner (A’25,. M34) brigadier 
general, United States Army, Washington, 
'D. C., died October 11, 1944. General 
Gardner was born in Meadowdale, N. Y., 
on October 10, 1893, and was a graduate of 
Union College with a bachelor-of-science 
degree. He also held a master-of-science 
degree in electrical engineering from Union 
College (1915) and a master-of-science degree 
in communication engineering from Yale 
University (1925). General Gardner was as- 
sociated with the General Electric Company 
in Schenectady, N. Y., and Chicago, III, 
from 1913 to 1916. When the United States 
entered the first World War in 1917 he was 
commissioned a second lieutenant in the 
Army and was with the American forces in 
occupied Germany until 1920. 
returned to the United States as a captain 
in the Signal Corps, and in 1943, he was 
~promoted to the rank of brigadier general 
with command of the Signal Corps Aircraft 
Signal Service, Wright Field, Dayton, Ohio. 
General Gardner was transferred to Washing- 
ton in August 1943 as assistant chief of the 

_ Procurement and Distribution Service. 


Norman Short Braden (A ’09, M ’20) vice- 
chairman of the board, Canadian Westing- 
house Company, Ltd., Hamilton, Ontario, 
Canada, died September 27, 1944. Mr. 
Braden was born on June 15, 1869, in 
Indianapolis, Indiana. His first position 
was aS an apprentice in the shop of the 
Jenney Electric Company in 1892, and in 
1894 he became construction and sales 
engineer. In 1899 he joined the Westing- 
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house Electric and Manufacturing Company, 
Cleveland, Ohio, as sales engineer, rising to 
district manager in 1903. He was trans- 
ferred to the Canadian Westinghouse Com- 
pany in 1904 as manager of the sales depart- 
ment, and was appointed third vice-president 
in 1919, member of the board of directors 
in 1926, and vice-chairman of the board of 
directors in 1939. ®§ Mr. Braden retired from 
active service this year but remained vice- 
chairman. He was a member of the Engi- 
neering Institute of Canada. ) 


Cornelius Edmond O’Donnell (A ’32) field 
supervisor, operating department, Central 
Illinois Public Service Company, Mattoon, 
died October 3, 1944. Born in Rantoul, 
Ill., on September 10, 1899, Mr. O’Donnell 
was graduated from the University of Illinois 
in 1930 with the degree of bachelor of science 


in electrical engineering. In July of the same 


year he started the student engineering 
course of the Westinghouse Electric and 
Manufacturing Company, in October he 
went to work on the test floor of the company 
at East Pittsburgh, Pa., and in 1931 he 
entered the supply engineering department 
laboratory. Mr. O’Donnell joined the 
Central Illinois Public Service Company 
in 1935 as distribution clerk and was made 
field supervisor in 1940. 


Louis Washington Pratt (A’38) assistant 
engineer, municipal department, Hydro- 
Electric Power Commission of Ontario, 
Toronto, Canada, died October 3, 1944. 
Mr. Pratt was born in London, England, on 
April 25, 1877. In 1896 he was employed 
by the Brantford (Ontario) Electric and 
Operating Company, Ltd. Subsequently, 
he was with the Western Counties Electric 
Company, Ltd., Brantford (1905), and the 
Federal Electrical Construction Company, 
Ltd., Toronto (1906). In 1907 Mr. Pratt 
joined the Dominion Power and Trans- 
mission Company, Ltd., Hamilton, Ontario, 
where he stayed until 1932 when he entered 
the employ of the Hydro-Electric Power 
Commission. p ; 


Henry Escher, Jr. (A 37) lieutenant in the 
Armed Forces of the United States and 
formerly of the industrial department, avia- 
tion division, General Electric Company, 


Schenectady, N. Y., was killed in action in 


June 16, 1944. Lieutenant Escher was 
born on July 1, 1913, in Brooklyn, N. Y., 
and is a graduate of Princeton University, 
Princeton, N. J., (1934). From 1934 to 
1936 he was an assistant instructor at 
Princeton University, where he taught 
laboratory classes in introductory electrical 
engineering. He joined the General Electric 
Company, Bloomfield, N. J., as a student 
engineer in 1936 and was employed in the 
Schenectady plant when he entered the 
armed services this year. 


Ernest Oswald Stockman (A ’39) lieutenant 
commander, Royal Canadian Naval Volun- 
teers Reserve, formerly resident naval 
engineer overseer, Halifax Shipyards, Dart- 
mouth, Nova Scotia, Canada, has been re- 
ported missing in action. Born in Newcastle- 
on-Tyne, England, on May 28, 1908, Com- 
mander Stockman attended Rutherford 


College. He was employed by C. A. Parsons © 


‘ 
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and Company, 


Spaulding, A, M. 


\ s : - ie 
Ltd., Newcastle-on-T: 

in various engineering capacities from 19 
until 1934 when he became sales engineer in 
the Canadian office of the C. A. Parsons 
Company, Toronto, Ontario, Commander 
Stockman received his commission in the 
RCNVR in 1941. 


Carlyle J. Roberts (A’22) chief inspector, | 
Leeds and Northrup Company, Philadelphia, 
Pa., died June 26, 1944. Mr. Roberts was 


_ born on January 26, 1897, in Granville, Ohio- 


He was a graduate of Denison University 
with a bachelor-of-science degree in physics: 
and has been with the Leeds and Northrup 
Company since 1918 when he was placed. 
in charge of laboratory standards and equip- 
ment. 


Leo Behr (A’29) research department, © 
Leeds and Northrup Company, Philadelphia, 
Pa., died June 25, 1944, He was born in 
New York, N. Y., in 1898 and was the re- 
cipient of both the degree of mechanical 
engineering and the degree of doctor of 
philosophy from Cornell University. Doctor 
Behr became associated with the Leeds and 
Northrup Company in 1917 in the develop- — 
ment department. 


- 


MEMBERSHIP ee 


Recommended for Transfer 


The board of examiners, at its meeting on November 16, 
1944, recommended the following members for transfer 
to the grade of membership indicated. Any objections 
to these transfers should be filed at once with the national 
secretary. 


To Grade of Fellow 


ean R. F., general su i -Oklahoma Gas & Elec. 
Co., Oklahoma City, 

Gross, i W., electrical Te en we American Gas & 
Electric Service Corp., ey 


2 to grade of Fellow 


To Grade of Member 


Askey, J. S., section engr., Westinghouse Elec. & Mfg. 
Co., E. Pittsburgh, Pa, 

Brownlee, T., lightning arrester research & tevsloss 
ment, General Elec. Co., Pittsfield, Mass. : 

Chisholm; H. E., asst. engr. of equipment, Bell Tel. Co. 
of Pa., Pittsburgh, Pa. 

Church, E. A., engr., Boston Edison Co., Boston, Mass. 

Crandell, Cc. F, member, technical staff, Bell Tel. 
Labs., New York 

Crawford, GSS plant engr., Charity Hospital a Louisi- 
ana, New Orleans, La. 


A 


Eardley, M. V., senior elec. Pa: 3° Dept. of ‘Water’ & 
Power, Los ‘Angeles, Cc ; 

Freundt, G. L., elec. engr., ~ Sievert Elec. Co. Inc., i 
Chicago, Ill. 


Gille, W. H., chief engr., Acro Div.,  Minneapolis- 
Honeywell Regulator Co. , Minneapolis, Minn. 
Goodale, E. C., elec. engr., Bonneville Power Adm., 
Portland, Ore 

Harvey, R. H., eeigeat mer. and chief engr., Com- 
panhia Carris de Ferro de Lisboa, Lisboa, Portugal 

Kahn, Frank, senior technical asst., Philadelphia Elec. 
Co., Philadelphia, Pa... 

Kap, F. W., elec. engr., Sanitary Dist. of Chicago, 
Chicago, Ill. 

Keever, L. M., associate prof. of E.E., North Carolina 
State College, Raleigh, N. C. 

Mee Oia: asst. prof. of E. E., Duke Univ., Durham, 


Moore, Paul, assoc. elec. engr., Public Works Dept., 
Navy Yard, Mare Island, Calif. 

Moscon. John, elec. engr., Phillips Petroleum Co., 
Bartlesville, Okla. 

Parker, R. S., industrial engr., War Dept., Huntsville, — 

a. 

Payne, R. B., senior engr., War Production Board, 
Washington, D. C, 

Quinlan, A. L., engr., Western Elec. Co., Chicago, Ill. 

Rhoton, W. O., elec. engr., Delco-Remy, Div., eneral 
Motors Corp., Anderson, Ind. 

Schille, C. A., head, elec. engr., Industrial Engg. Div., 
Giffels & *Vallet, Inc., Detroit, Mich, 

Sigman, F. I., chief engr., Buffalo Elec. Co. Inc., 

o, N. Y. 

» plant assignment miperpiter, Moun- 
tain States Tel. & Tel. Co., Denver, Colo. 

Svendsen, G. P., » Wrnaons & treasurer, "Boustead, Elec. 
& Mfg. Co. inte Bie 


ELECTRICAL ENGINEERING 


. 


- Krueger, H. 


Thomas, E. U., elec. engr., 
alley, Lo A ; 
aa} - J. engr., General Elec. Co., Fort Wayne, 


ee, r. R., president, Electric Switchboard Co., New 
or 


Specialties, Inc., Locust 


fie 
Williams, L. ., acting chief engr., Southwestern G 
Elec. Co., Shreveport, La. . os ie 
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pete, J. E., engr., Westinghouse E. & M. Co., Bloom- 
id, N. J. 


Applications for Election 


Applications have been received at headquarters from 
the ollowing candidates for election to membership in 
the Institute. Any member objecting to the election of 
any of these candidates should so inform the national 
secretary before December 30, 1944, or February 28, 
1945, if the applicant resides outside of the United States 
or Canada. 


To Grade of Member 


Adams, E. C., Gulf States Util. Co., Beaumont, Texas 
awe ai E., Nat. Univ. of Colombia, Bogota, Col., 


Cava; pe a J., Cons, Tel. & Elect. Subway Co., New 
ork, N. Y. 

Cole, I. V. (Reelection), Lexington Elec. Prod. Co., 

, Newark, N. J. ie 

Crosman, W. T., Duquesne Lt. Co., Pittsburgh, Pa. 

Dudrear, A. C. (Reelection), I. B. Abel & Son, York, Pa. 

Fife, W. H. (Reelection), Austin Engg. Co., East Cleve- 
land, Ohio a 

Freeman, N. L. (Reelection), Amer. Loco. Co., Schenec- 
tady, N. Y. 

Gauggel, H. J. W., Gen. Elec. Co., Atlanta, Ga. ‘ 

MSelder, W. “A. E., Blect, Lt. Cmdr, R. N. V. R., 
Grimsby, England 

Gunckel, W. J., Rural Elect. Admin., St. Louis, Mo. 

pnneb, S. W., Rocky Mountain Arsenal, Denver, 
Colo. - 

Heffelman, M. C. (Reelection), N. Mex. Pr. Co., 
Santa Fe, N. Mex. 


_ Heinz, W. B., Cons. Engr., Bound Brook, N. J. 


Huppert, W. (Reelection), H. Goodman & Sons, Inc., 
ae York, N. Y. 

Hutchinson, C. C., Engg. Labs., Inc., Tulsa, Okla. 

James, A. J. T., Hackbridge Elec. Const. Co., Ltd., 
Walton-on-Thames, England 

Kelly, H. A., Wheeling Stamping Co., Wheeling, West 


Va. 
Korn, F. A. (Reelection), Bell Tel. Lab., Inc., New 
York, N. Y. 
H. (Reelection), Utah Pr. & Lt. Co., 
= Salt Lake City, Utah 
Leonard, E. M. (Reelection), Allis-Chalmers Mfg. Co., 
Pittsburgh, Pa. 
Lopez, J. J.. Amer. Tel. & Tel. Co., Albuquerque, N. 
Mi 


ex. 
_Lovfald, P., Cons. Engr., New York, N. Y. - 
Mahoney, J. H., Boston Edison Co., Boston, Mass. 
Markers, H. W. (Reelection), Commonwealth Edison 
Co., Chicago, Ill. 


~McCrocklin, A. J., Jr., Dow Chem. Co., Freeport, 


‘exas 

Mead, S. N., Henschel Corp., Amesbury, Mass. ; 

Miller, H. C., Alan Wood Steel Co., Conshohocken, 
Pa, < 


__Mollo, Ge A, Koppers Co., Inc., Pittsburgh, Pa. 


Munro, J. C., B. G. Elec. Ry. Co., Ltd., Vancouver, 
be ByGs, Cans. 
Pennell, CG. E., N. J. Bell Tel. Co., Newark, N. J. 


Pentland, L., Combined Prod. & Res. Board, Wash- 


F ington, D. C. ; 
Perry, A., Norwich Corp., Norwich, England 
Persons, J. T. (Reelection), Cen. Pr. & Lt. Co., Corpus 

; Christi, Texas ; » 
Post, J. V., Gulf States Util. Co., Navasota, Texas 
Reisz, M. O., Elec. Zinc Co. of A’Asia, Ltd., Hobart, 
Tasmania 4 
Rieman, E, F., Okonite Co., Passaic, N. J. 
Schley, W. H., Dallas Pr. & Lt. Co., Dallas, Texas 
Seaholm, W. E., Acting City Manager, Austin, Texas 
Shanely, F. D., Lear, Inc., Piqua, Ohio ; 
Steven-Hubbard, N., Cadet, OCTU, East Africa Com- 
5 i: 


Taylor, J. L., Mid-Lincolnshire Elec. Sup. Co., Ltd., 
Grantham, England ; 

Turner, J. G. (Reelection), U. S. Bur. of Reclamation, 
Denver, Colo. ; 

Walter, G. F. (Reelection), Pub. Serv. Elec. & Gas Co., 
Maplewood, N. J. ; 

Wells, H.J., Stone @ Webster, Oak Ridge, Tenn. . 

Witherspoon, J. (Reelection), Gen. Elec. Co., Schenec- 
tady, N. Y. 2 

Zobel, A. E., Tenn. Eastman Corp., Oak Ridge, Tenn. 
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‘ 


To Grade of Associate 


United States and Canada 


- 1, NorTHEASTERN 


Belluscio, F. J., Taylor Inst. Co., Rochester, N. Y. 


‘K..” Walsh Kaiser Co., Providence, R. I. 
te iL R., r. Gen, Elec, Co., Schenectady, N. Y. 
Buck, F. W., United Illum. Co., New Haven, Conn. 
Butz, A. N., Jr., Harv. Underwater Sound Lab., Came 
bridge, Mass. 
Conway, G: 2 Gon Biles. Co., Buffalo, N. Y. 
Cottrell, CG. L., Cornell Univ., Ithaca, N. Y. 


DECEMBER 1944 


Dautrich, G, U., Gen. Elec. Co., Hartford, Conn. 
‘Ellsworth, I. W., Westinghouse Elec. & Mfg. Co., 
Boston, Mass. 


ae R. O., Westinghouse. Elec. & Mfg. Co., Boston, 


ass, 
Fisher, J. C., Harvard Engg. School, Cambridge, Mass. 
Jenkins, W. C., Westinghouse Elec. & Mfg. Co., Syra- 
cuse, N. Y. 
Kappauf, E. F., Ensign, USNR, Boston, Mass. 
RES we R., Kennecott Wire & Cable Co., Phillips- 
Cc, 


Miller, § C., N. Y. State Elec. & Gas Corp., Lockport, 


Waynick, A. H., Harvard Uniy. Cambridge, Mass. 

Weiss, H. E. (Reelection), Allis-Chalmers Mfg, Co., 
Buffalo, N. Y. i 

Wood, M. L., Curtiss-Wright Corp., Buffalo, N. Y. 


2. Mrppie Eastern 
Ackermann, R. W., Amer. Tel. & Tel. Co., Cleveland, 
Ohio 


Andrews, D. E., Master Elec. Co., Dayton, Ohio 

Attwood, S. H., Master Elec. Co., Dayton, Ohio 

Bova, N. J., Master Elec. Co., Dayton, Ohio ( 

Boyd, R. C., Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. 

Campbell, F. S., Hartford Steam Boiler Insp. & Ins. 
Co., Philadelphia, Pa. 

Carle, J. H., Carle Elec. Const. Co., Akron, Ohio 

Pat yen Ds W. (Reelection), Master Elec. Co., Dayton, 

io. ” 
Cee J. W., Graybar-Elec. Co., Inc., Baltimore, 
d 


Davis, R. E., A. T. S. C., Wright Field, Dayton, Ohio 
DuBroff, W. C., Captain, U. S. Army, Wright Field, 
Dayton, Ohio 
George, A. B., Wilbur Watson &Assoc., Cleveland, Ohio 
Gilchrist, A. D., Leece-Neville Co., Cleveland, OHio 
Gray, M. H., A.T.S.C., Wright Field, Dayton, Ohio 
Hanson, F. L., Ideal Elec. & Mfg. Co., Mansfield, Ohio 
Harris, M., Natl. Elec. Coil Co., Bluefield, W. Va. 
Harry, J. N., Wright Field, Dayton, Ohio 
Haynes, C. H., Bird Engg. Co., Cleveland, Ohio 
Hertz, H. F. (Reelection), Phila. Elec. Co., Philadel- 
hia, Pa. EE 
mene. R. E., National Elec. Coil Co., Bluefield, W. Va. 
Hunt, W. A., Radio Station WHIZ, Zanesville, Ohio 
Kraus, R., Cudahy Packing Co., Philadelphia, Pa. 
Lang, J. S., Auto. Temp. Cont. Co., Philadelphia, Pa. 
Livermore, E. H., Jr., Del. Pr. & Lt. Co., Wilmington, 
Del. 


el. 

MacCauley, T. H., Gen. Elec. Co., Philadelphia, Pa. 

Nordfelt, H. C., Cont. Sales & Engg. Co., Pittsburgh, 
Pa. 

Oppermann, R. H. (Reelection), Assoc. Fact. Mut. 
Fire Ins. Gos., Philadelphia, Pa. 

Poeschl, J. J., Atlantic Ref. Co., Philadelphia, Pa. — 

Price, S., Electric Cont. & Mfg. Co., Cleveland, Ohio 

Starbuck, H. S., Gen. Motors Corp., Dayton, Ohio 

Strahle, P. J., Leece-Neville Co., Cleveland, Ohio 

Taylor, L. M., Bureau of Ships, Washington, D. C.. 

Trautman, D. L., Jr., Carnegie Inst. of Tech., Pitts- 
burgh, Pa. Z 

Wolfe, K., Leece-Neville Go., Cleveland, Ohio 

Wollerton, C. E., Gen. Elec. Co., Philadelphia, Pa. 


3. New York Ciry 


iden, A., York & Sawyer, New York, N. Y. 
Backer, L. B., N. Y. Univ., New York, N. Y. 
Bolles, H. J., Weston Elec, Inst. Corp., Newark, NJ: 
Di Toro, M. J. (Reelection), Hazeltine Corp., Little 
Neck, N. Y- 
udkins, R. P., Lieut. (jg), USNR, New York, N. Y. 
yen K. K., Westinghouse Elec. & Mfg. Co., New 
York, N. Y. : 
Laestadius, J. E., Columbia Univ., New York, N. Y. 
Larys, B., Diehl Mfg. Co., Finderne, N. J. 
Marino, J. L., Radio Corp. of America, Harrison, N. J. 
Martinez-Peralta, A., Fed. Tel. & Radio Corp., East 
, Newark, N. J. + ’ 
Maynard, M. J., Horni Signal Co., New York, N. Y. 
Morse, H. D., George G. Sharp, New York, N. Y. 
Murphy, F. A., Ward Leonard Elec. Co., New York, 
Ny, 


N. Y. 
O’Brien, J. P., Anaconda Copper Min. Co., New York, 
ve, 


Na Ye ! 
Poehler, H. A., Int’l, Elec. Labs., New York, N, Y.~ 
Quintana, C. H. M., Bell Tel. Lab., Inc., New York, 
INEM 


Rick, F. Get Jersey Central Pr. & Lt. Co., Allenhurst, 
N. 


Shumaker, H. A., Diehl Mfg. Co., Somerville, N. J. 
Sete FT. (Reelection), Diehi Mfg. Co., Finderne, 
N 


Tool A ., Gen, Cable Corp., Bayonne, N. J. 
Teotia } A., Westinghouse Elec. & Mfg. Co., Newark, 
N 


“W. A., Bell Tel. Lab., Inc., New York, N. Y. 
Wotan, rn M., Diehl Mf; . Co., Somerville, N. J. 
Wieland, G. J., Jr., Bell Tel. Lab., Inc., New York, 

N. Y. 


4. SouTHERN 

Baltour, Hi Bed "edtion Engineer Works Oak Ridge, 
eek ated Clinton Engineer Works, Oak Ridge, Tenn. 
Cato, S. G., Memphis Lt. Gas & Water Div., Memphis, 
meus RS, Chattanooga Elec.Pr. Board, Chattanooga, 


Tenn. 
Greenberg, E. E. (Reelection), Kelley-Koett Mfg. Co., j 


Covington, K 


y- 
. Holland, J. T. (Reelection), Duke Pr. Co., Charlotte, 
N.C 


Mosso, A. J., Tennessee Eastman Corp., Oak Ridge, 
Tenn. bbs 
Sauer, CG. M., Louis. Gas & Elec. Co., Louisville, Ky. 


Institute Activities 


Sonik T. G., Allis-Chalmers Mfg. Co., New Orleans. 


a. 
Thompson, E. H., Southern Bell Tel. & Tel. Co., New 
Orleans, La. : 


Walker, W. E., Gen. Elec. Co., Atlanta, Ga. 
5. Great Lakes : 


Audier, M., Cutler-Hammer, Inc., Milwaukee, Wis. 
Barta, W. J., Amer. Bur. of Shipping, Detroit, Mich. 
Clement, M. A., Automatic Elec. Co., Chicago, Ill. 
Dodd, C, M., Iowa State Col., Ames, Iowa 

Glass, P., Askania Reg. Co., Chicago, Il. 

Harrison, D. L., Allen Bradley Co., Milwaukee, Wis. 
Holmes, R. H., Minn. Pr. & Lt. Co., Duluth, Minn. 

jay T. H., Delta-Star Elec. Co., Chicago, Il. 
ee E. J., Henry Ford Trade School, Dearborn, 

ch. 

Koerwitz, N. A., Board of Pub. Works, Niles, Mich. 

Potter, L. B., Detroit Edison Co., Detroit, Mich. 

Sonere C., Allis-Chalmers Mfg. Co., West Allis, 


is. 

Schotz, A., Cutler-Hammer, Inc., Milwaukee, Wis. 
Spellmire, G. W., Gen. Elec. Go., Chicago, III. 
Stong, K. K., Allen-Bradley Co., Milwaukee, Wis. 


6. Norra CenTrRaAL ; 
Abrams, M. L., U. S. Bur. of Rec., Denver, Colo. 
7. Sourn Wesr 


Bartosh, F. A., Emerson Elec. Mfg., St. Louis, Mo. 
Bates, J. L., Cen. Pr. & Lt. Co., Corpus Christi, Texas 
Dugan, J. M., Gulf States Util. Co., Port Arthur, Texas 
Figari, E. E., Gulf States Util. Co., Beaumont, Texas 
Finley, R. A.,; Texas Elec. Sery. Co., Fort Worth, Texas 
Groh, W. J., Cent. Kans. Elec. Coop. Assoc., Inc., 
Great Bend, Kans. 
Lowery, J. M., Curtiss-Wright Corp., Robertson, Mo. 
McCoppin, J. T., Gulf States Util. Co., Beaumont, Texas 
McFarland, O. C. (Reelection), S. W. Bell Tel. Go., 
_ Kansas City, Mo. 

Morton, R. E., Gulf States Util. Co., Navasota, Texas 
Olive, W. W., Jr., Curtiss-Wright Corp., St. Louis, Mo. 
Sims, V. R., Emerson Elec. Mfg. Co., St. Louis, Mo. 
Walling, F. E., Cons. Steel Corp., Ltd., Orange, Texas 
Walston, T. E., Jr., Cons. Steel Corp., Ltd., Orange, 


exas : 

Wynn, T. C., Lower Colo. River Auth., Austin, Texas 
8. Pactric 

Cates, W. K., Westinghouse Elec. & Mfg. Co., Sacra- 


mento, Calif. 
Catton, J. A., Lockheed Aircraft Corp., Burbank, Calif. 
Chaika, S., Lieut. (jg), USNR, San Francisco, Calif. 
Cen S. V., GC. C. Moore & Co., San Francisco, 
alif. a 
Kemp, C. A., U. S. Navy Yard, Mare Island, Calif. 
Lago, J. P., A. W. Earl, Cons. Engr., San Francisco, 


Main, H. E., North Amer. Avia., Inc., Inglewood, Calif. 
Maeno F. E., Montroy Elec. Mfg. Co., Los Angeles, 


Stephens, H. R., South. Calif., Edison Co. Ltd., Chino, 
li 


alif. 
Youngman, W. C., U.S. Navy Yard, Mare Island, Calif. 


9. Nort WeEsr 


Cerveny, J. P., Bonneville Pr. Adm., Portland, Oreg. 
Hendrey, G. R., W. R. Hendrey Co., Seattle, Wash. 
Howard, J. S., Alum. Go. of America, Trentwood, Wash. 
Myrick, E. P., Mont. Pr. Co., Great Falls, Mont. 
Palmer, L., Puget Sound Pr. & Lt. Co., Seattle, Wash. 
Paschall, J. P., Portland Gen, Elec. Co., Portland, Oreg. 
Ream, R. F., Gen. Elec. Co., Salt Lake City, Utah 
Shearer, E. W., Bonneville Pr. Adm., Portland, Oreg. 


10. CANADA 


Ferguson, N. H., Dominion Carbon Brush Co., Ltd., 
Toronto, Ont., Can. ‘ 

Fraresso, M., Hydro-Elec. Pr, Comm. of Ont., Toronto, 
Ont., Can. aI ‘ 

Paisley, P. P., Mica Co. of Can., Ltd., Hull, Que., 


Can. 
Tickell, A. B., Ford Motor Co., Ltd., Windsor, Ont., 
Can. , 


Elsewhere k 
Carrion S., J., Com. Fed. de Elec., Patzcuaro, Mich. 
Mex. 


de Albornoz, R. C., Serv. Com. Ind. S. A., Mexico, 
D;F., Mex. - 

Escobar B., J. V., Soc. Mex. de Credito Ind., S. A., _ 
Mexico, D. F., Mex. 

Hernandez M., A., Fed. Com. of Elec., Mexico, D. F., 
Mex. f , 

Lazcano R., L.; Contractor & Cons. Engr,, Coyoacan, 
D. F., Mex. 

Letourneau, R., North. Elec. Co., Montreal, Que., Can, 

Lira Z. E., Fed.-Com. of Elec., Mexico, D. F., Mex. 

Melgarejo oe A., Mex. Lt. & Pr. Co., Ltd., Mexico 
D.F 


. F., Mex. ; 
Mora V., L., Cons. Engr., Mexico D. F., Mex. 
O’Farril, C. C., Contractor, Mexico, D. F., Mex. 
Parent, L. P., P. McCuaig, Ltd., Montreal, Que., Can. 
Prakash, C., Stand. Tel. & Cables, London, England 
Rowland, R. R., Johnson & Phillips Ltd., ndon, 
England ; 
Ruiz V., J. L, Contractor, Mexico, D, F., Mex. 
Strohbach, W. C., Cia Nac. de Elec., 8. A., Torreon, 


Mex. 
Sturgeon, J. R., Aircraft Ministry, Malvern, England 
Toro Ochoa, H., Lt. & Pr. Co., Medellin, Col., S. A. 
Van Ocken, A. H., Southern Ry., Southampton, 
England 
Watts, K. F., Govt. Rys., Sydney, Aust. ° 
Total to grade of Associate 
United States and Canada, 141 


Elsewhere, 19 
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OF CURRENT 


Continuing Progress Reported 
at ECPD 12th Annual Meeting 


_ engineer. 
‘tions are the American Society of Civil Engi- | 
‘neers, American Institute of Mining and 


# 


In spite of continuing wartime difficulties, 
further progress was reported toward the 
general objectives of the Engineers Council 
for Professional Development, at the 12th 
annual meeting of council held in New York, 
N. Y., October 20-21, 1944. As stated by 
Chairman Everett S. Lee (F’30) in his re- 
port to the council for the year: “This has 
been another substantial year for ECPD. 
The personal contributions to the work in 
this period of difficulty have been outstand- 


ing.” ECPD is a joint organization of eight 


national engineering societies, including 
AIEE, and its general objective is the en- 
hancement of the professional status of the 
Its other constituent organiza- 


Metallurgical Engineers, American Society 
of Mechanical Engineers, American Insti- 
tute of Chemical Engineers, the Engineering 
Institute of Canada, Society for the Promotion 
of Engineering Education, and the National 


Council of State Boards of Engineering Ex- 


aminers. 

Development of a program for the accredit- 
ing of technical institutes is one of the out- 
standing achievements reported for the year. 
Patterned after the program of accrediting 
engineering-college curriculums that has 


proved so successful for some ten years, the 


new program for accrediting technical insti- 
tutes will be administered by a subcommittee 
of the ECPD standing committee on engi- 
neering schools. The new subcommittee 
will be headed by Dean H. P. Hammond of 
Pennsylvania State College. 

Approval of a revised general reading list 


for junior engineers was among other im-~ 
‘portant actions taken by the council at this 


meeting, and publication of the list for general 
circulation was authorized. Progress also 
was reported toward completion of the 
manual for junior engineers that has been in 
process for some time. 

Continuing progress of the measurement 
and guidance program of the committee on 
student selection and guidance was reported. 


‘There is an increase in the number of stu- 


dents being tested during the current year, 
and a year or two more will be required for 
completion of the project. The joint co- 
operative program between the ECPD and 
the Society for the Promotion of Engineering 
Education aimed at developing professional 
attitudes in students was carried forward dur- 
ing the year, many teachers expressing the 
opinion that the professional aspects of engi- 
neering should be brought into all courses. 

_ Because the engineering schools still are 
operating under wartime programs, very 
few inspections of engineering curriculums 


"were made during the year. However, plans 


are being made for reappraisal of all cur- 
riculums after the war. In previous years, 
this work has been considered one of the out- 
standing achievements of ECPD. 
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Further details pertaining to the afore- 
mentioned activities were presented in the 
annual reports of the four standing committees 
‘of ECPD. Several special committees re- 
ported on their work during the year, and 
the various society representatives presented 
their annual reports to the council. Details 
of these reports are given aepauately in this 
article, 

Supplementing the business sessions, an 
evening dinner meeting was held at which 
the general question, ‘‘What is ahead in 
engineering education?” was discussed. This 
is discussed elsewhere in this item. Related 
to this discussion was an official action taken 
during one of the business sessions endorsing 
the SPEE report on engineering education 
after the war (EE, Aug. 44, p. 379). 

Expenditures during the year totalled 
$11,927.72, and a budget totaling $14,471.23 
was adopted for 1944-45, ECPD income is 
derived chiefly from contributions from the 
constituent societies (AIEE $1,700 for 
1944-45). For the past several years, these 
have been augmented by an annual contri- 
bution from Engineering Foundation, which 


_ has alloted $5,000 again for the ensuing year. — 


Officers and Committees for 1944-45 


E. S. Lee (AIEE) engineer, General Elec- 
tric Company, Schenectady, N. Y., was re- 
elected chairman, and James W. Parker 
(ASME) president, general manager, and 
director, The Detroit Edison Company, De- 
troit, Mich., vice-chairman. R. L. Sackett, 
assistant to the secretary, American Society 
of Mechanical Engineers, New York, N. Y., 
was named secretary, and George T. Sea- 
bury, secretary, American Society of Civil 
Engineers, New York, N. Y., assistant secre- 
tary. 

In addition to these four officers, members 


of the executive committee for 1944-45 are: 


George W. Burpee (ASCE), president, General Aniline 

and Film Corporation, New York, N. Y.; W. B. Plank 
(AIME), professor of mining, Lafayette College, Easton, 
Pa.; R. S. Goetzenberger (ASME), vice-president, Min- 
neapolis-Honeywell Regulator Co., Philadelphia, Pa.; 
O. W. Eshbach (AIEE), dean, Northwestern Techno- 
logical Institute, Northwestern University, Evanston, 
Tll.; S. D. Kirkpatrick (AIChE), editor, Chemical and 
‘Metulliaeiodl Engineering, New York, N. Y.; D. B. Pren- 
tice (SPEE), president, Rose Bulpteckeic Institute, 
Terre Haute, Ind. ; Cc. R. Young (EIC), dean, faculty 
of applied science and engineering, University of 
Toronto, Toronto, Ontario, Canada; C. C. Knipmeyer 
(NCBSEE), professor of electical engineering, Rose 
Ep iscr nie Institute, Terre Haute, Ind. 


The following representatives of ECPD 
member societies were announced for the 
1944-47 term: 


Reappointments—W. R. Chedsey (AIME), consulting 

engineer, Columbus, Ohio; J. W. Parker (ASME), presi- 

dent, general manager, director, The Detroit Edison 

Company, Detroit, Mich.; S. D, Kirkpatrick (AIChE), 

ph Chemical and Metallurgical Engineering, New York, 
¥, 


New appointments—S. C. Hollister (ASCE), dean of 
engineering, Cornell University, Ithaca, N. Y.; E. C. 
Stone (AIEE), vice-president and general manager, 


Of Current Interest 


INTERES 


Duquesne Light Company, Pittsburgh, Pa.; H. S 
Polytechnic Institute o} 


Rogers (SPEE), president, o 
Brooklyn, Brooklyn, N. Y.; C. J. Mackenzie (EIC) 
president, National Research Council, Ottawa, Ontario 
Canada; Carl L. Svensen (NCSBEE), secretary 
Texas Board of Registration for Professional Engineers, 
Austin, Texas. 


Newly elected committee chairmen for 
1944-45 are: 


q 
Committee on professional training, C. A. Pohl, consult- 
ing engineer, New York, N. Y. 


Committee on professional recognition, N. W. Dougherty, 
dean of engineering, University of Tennessee. 


Committee on information, George A. Stetson, editor, 
American Society of Mechanical Engineers, New York, 
Ney. 


The following committee chairmen were 
re-elected for the coming year: 


Committee on student selection and guidance, A. R. 
Cullimore, Preah Newark (N. J.) College of Engi- 
neering. 


Committee on engineering schools, D. B. Prentice, presi- 
dent, Rose Polytechnic Institute, Terre Haute, Ind. 


ECPD Committee Reports for 1943-44 


Reports of its four standing committees | 
were presented, reviewing progress during 
the year in the fields of student selection and 
guidance, engineering schools, professional 
training, and professional recognition. Six 
special committees also reported their ac- 
tivities. The following abstracts of these 
various reports give a cross section of the 
significant accomplishments of ECPD during 
the year. 


STUDENT SELECTION AND GUIDANCE 


The advisement, counseling, and guidance 
of students about to enter college, and the 
development of a battery of tests to aid in 
the proper selection of engineering students — 
were the two projects with which the com- — 
mittee on student selection and guidance con- 
cerned itself during the year, reported A. R. 
Cullimore, chairman. Work on counseling 
has been carried on as formerly through a — 
subcommittee whose members have inter- 
ested themselves in contacting prospective 
engineering students, and in the distribution. 
of “Engineering as a Career” and other ma- — 
terial published by ECPD, The scope of 
this work has been extended considerably 
during the past year. More than 2,000 copies — 
of “Engineering as a Career’ were dis- 
tributed to the Army through the Science 
Research Associates, and many were re- 
quested and distributed by the Veterans 
Administration, The committee envisions. 
a great responsibility in connection with re- 
turning veterans and their advisement plans. 
to extend this veterans’ service greatly during _ 
the coming year. 

During the first fiscal year of the measure— 
ment and guidance program being conducted. 
jointly by the committee on selection and. 
guidance and the Carnegie Foundation for- 
the Advancement of Teaching 4,500 students. 
were tested, involving the administration and. 
interpretation of 27,000 separate tests. Dur-. 
ing the first two months of the second year, 
tests have been given to 3,150 students repre-. 
senting a total of 22,000 tests. Indications: 
are that the number ef students tested in the: 


\ 


ELECTRICAL ENGINEERING, 


— 


second year will be considerably more than 
double the number handled in the first year. 
The major part of the financial support of 
this project is contributed by the Carnegie 
Foundation, only about eight to ten per cent 
of the cost being carried by ECPD. The. 
continued and expanding interest of the 
Carnegie Foundation has carried the project 
into its second year and beyond the experi- 
mental stage, reported Chairman Cullimore. 

It is planned to extend the services offered 
by the project to other institutions of repu- 
table and recognized character, while retain- 
ing the original group for further study and 
research. It is believed that the tests will 
be extremely valuable also in connection with 
student selection and guidance of veterans. 
In September 1943, K. W. Vaughn director 
of the project, was appointed special consult- 
ant to the Army Specialized Training Divi- 
sion. The project has co-operated officially 
with the ASTD, completed several researches 
into the effectiveness of selection tests, and 
assisted in the editing of test materials and 
the preparation of official manuals for pur- 
poses of the ASTD. Since March, 1944, the 
project office has formally co-operated with 
the Veterans Administration through certain 
testing and guidance centers established at 
the Newark College of Engineering and the 
College of the City of New York. 


ENGINEERING SCHOOLS 


Development of a program for the accredit- 
ing of technical institutes was the most im- 
portant accomplishment of the committee 
on engineering schools reported by chairman 
D. B. Prentice of that committee. The basis 
of accrediting the technical institutes is 
patterned after the procedure successfully 
followed for some years in accrediting engi- 
neering-college curriculums. The essential 
substance of the subcommittee’s report al- 
ready has appeared in Electrical Engineering 
(July ’44, pp 277-8). 

As announced in 1942, the committee on 
-engineering schools has held its inspections 


of engineering-college curriculums to a 
minimum during the past two years. How- 


ever, a few inspections were necessary in 
order to complete studies already begun or 
to prevent injustices to certain institutions. 
During the past year 13 curriculums at six 
institutions were investigated, and special 
consideration was given to eight curriculums 
at other institutions. The committee recom- 
_mended to Council that the provisional ac- 
crediting of 31 curriculums at 16 schools be 
temporarily extended. The present status 
of the accrediting program, including the 
recommendations of the committee for 1944, 


is indicated in Table I. Asin previous years, | 


the committee gave consideration to a variety 
of miscellaneous matters that came to its 
attention. 


PROFESSIONAL TRAINING 


The activities of the committee on pro- 
fessional training during the past year have 
been devoted to advancing two projects 
which are aimed to be helpful to the younger 
engineer in his professional training, namely: 
revision of the reading list for junior engineers, 
and preparation of a manual for junior engi- 
neers. John C. Arnell was chairman of this 
committee during the year. 

Recognizing that the existing reading list 
has continued without revision since it was 
issued originally in 1936, the junior committee 
of this committee has been engaged in revis- 
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ing the list and is considering other books 
recommended for inclusion. The junior com- 
mittee has constantly kept in mind that the 
chief purpose of the list is to serve as an intro- 
duction to vast territories of human achieve- 
ment and to stimulate the interest of the 
junior engineer in fields that may be ex- 
plored with attendant cultural profit. As 
reported elsewhere, the revised list presented 
with the report of this committee was ap- 
proved by the council for publication and 
distribution. 

Further progress was reported on the 
manual for junior engineers which has been 
under development for some time. W. E. 
Wickenden (F ’39) president, Case School of 
Applied Science, Cleveland, Ohio, who had 
accepted the authorship of the manual, re- 
ported to the committee that the material 
for the manual is about two thirds com- 
pleted and the actual manuscript about one 
fourth complete. The committee plans to 
have the manual available for distribution in 
the postwar period when there will be a re- 
newal of the more normal occupations of 
teacher, student, junior engineer, and em- 
ployer. 


PROFESSIONAL RECOGNITION 


The ECPD committee on professional rec- 
ognition directed its immediate efforts during 
the past year to the young engineer, par- 
ticularly in the engineering schools, reported 
Chairman Charles F. Scott (HM’29). These 


efforts have been carried on jointly with a 


committee of the Society for the Promotion 
of Engineering Education in a plan for co- 
operative action announced last year. These 
co-operative activities have been directed 
to the engineering teacher ‘‘to arouse his 
responsibility in promoting the nontechnical 
phases of the make-up of the engineer and the 
qualities that contribute to the building of 
the profession.” 

Revision of the booklet, “The Second 
Mile,” was carried out during the year under 
sponsorship of this committee, under the title 
“The Second Mile—a Resurvey.” Some 
20,000 copies of the original booklet were 


distributed. Doctor Scott reported that 30 
per cent more copies of the new booklet had 
been sold in the first few months after it was 
issued than were sold in two years of the 
earlier edition. 


REPORTS OF SPECIAL COMMITTEES 


Progress regarding the proposed canons of 
ethics for engineers has been very slow during 
the "past year, reported Chairman D. C. 
Jackson (F’12) of the committee on prin- 
ciples of engineering ethics. Three societies 
have approved the canons in their present 
form, some have offered suggestions for re- 
visions, and others so far have reported no 
action. An article outlining the history and 
present status of the canons by Chairman 
Jackson appears elsewhere in this issue. 


No committee action was reported by the 


committee on employment conditions for 
engineers, but Chairman Van Tuyl Boughton 
presented a report summarizing actions taken 
in this field by ECPD constituent societies. 
He reported that up to July 15, 1944, 30 of 
the 64 local sections of the American Society 
of Civil Engineers had amended their con- 
stitutions to provide for establishing collec- 
tive-bargaining units, five had rejected the 
proposal by vote of section members, and in 
five the board of direction had decided not 
to submit the proposed plan to vote. Actual 
organization of the collective-bargaining 
committees was reported as slow. 

The committee on information carried on 
its usual activities during the year, according 
to Chairman Stephen L. Tyler. Two general 
releases were issued, one pertaining to new 
officers and committee chairmen, and the 
other to the accrediting of technical-institute 
curriculums. The committee also issued the 


annual report for 1942-43 and co-operated _ 


with other committees in issuing other ma- 
terial. < 

A special committee presented a proposed 
procedure for the guidance of the council in 


’ 


accepting contributions that might be offered © 


by individuals or groups other than the par- 
ticipating bodies in support of the work of 
ECPD; this procedure was adopted. It 
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Table I. Status of All Curriculums Submitted for Accrediting as of October 20, 1944 
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* Includes building engineering and construction, engineering mechanics, and transport enginecring. 


** Includes petroleum and natural-gas engineering and petroleum refining. 
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authorizes the ECPD chairman, subject to 
the approval of the executive committee in 
each instance, to solicit from sources other 
than the participating bodies such funds as 
may be necessary or desirable for the further- 
ance of the general objectives or specific proj- 
ects of ECPD. 

Upon recommendation of a special com- 
mittee on rules of procedure-representation, 
C. C. Willams, chairman, an amendment to 
the rules of procedure was adopted limiting 
membership in standing committees to two 
terms (of three years each) unless the council 
in session by vote of two thirds of the repre- 
sentatives present authorizes additional terms. 
The rules formerly stipulated that members 
should not serve more than two consecutive 
terms. 

To consider specific requests for representa- 
tion on the council by the Institute of Ceramic 
Engineers and the Institute of Radio Engi- 
neers, a special committee on representation 
had been appointed. The following recom- 
mendations, resulting from a study of the 
general society relationships in ECPD by 
that committee, were presented by Chairman 
W. B. Plank: 


1. Until the Joint Conference of the Engineering Socie- 

ties determines the conditions of association in profes- 
' sional matters with other engineering societies, the ECPD 

would be unwise to make any move in that direction. 


i Before any additional engineering society be invited 
into participation in the ECPD, if the field of that so- 
ciety be related to the field of any existing participating 
society, then the matter be referred to that participating 
society for its approval. 


3. The committee on engineering schools should see 
that on each delegatory committee there is at least one 
qualified representative of each curriculum to be con- 
sidered for accrediting. 


4. All national engineering societies in the United 
States and Cariada should be placed on the mailing list 
to receive ECPD reports and other literature. 


Postwar Education Discussed at Dinner 


For the second consecutive year, the dis- 
cussions at the ECPD annual dinner centered 
around engineering education after the war. 
The principal address on this subject was 
delivered by George Granger Brown, chair- 
man, department of chemical. and metal- 
lurgical engineering, University of Michigan, 
and one of the ECPD representatives from 
the American Institute of Chemical Engi- 
neers. Three other viewpoints on the subject 
were presented in scheduled discussions by 
Dean C. R. Young of the University of 
Toronto; George W. Burpee, consulting 
engineer, Coverdale and Colpitts, New York, 
N. Y.; and Colonel C. E. Davies, secretary, 
American Society of Mechanical Engineers. 

*ECPD Chairman Everett S. Lee acres as 
toastmaster. 

Declaring that what is Ge = is whatever 
we make it, Doctor Brown outlined five goals 
for enpiieering education in the future: 


ia An understanding of the scientific principles and 
facts upon which the profession is based. 


2. A facility in thinking and expression. 


3. An appreciation of and skill in the experimental 
method as a means of finding the truth. 


4. Sound principles of honesty, fairness, and the demo- 
cratic spirit, with appreciation of the human and eco- 
nomic problems of modern society. 


5. The beginnings of a philosophy and integration of 
skills in using the materials and energy of nature for the 
benefit of mankind. 


Emphasizing that teachers of engineering 
are faced with an unprecedented opportunity 
and responsibility in the postwar period, 
Doctor Brown predicted that veterans are 


454 


more likely to seek engineering education - 


after the war than liberal education. For 
this reason, accelerated programs probably 
will have to be continued in engineering 
schools for at least two years after victory. 

In presenting the Canadian viewpoint, 
Dean Young agreed that the majority of 
students after the war will want training in 
the sciences. Characterizing physicists as 
being concerned with the laws of nature and 
engineers with the needs of man, he urged 
that the colleges first provide education in 
the vocations and later liberal education at 
an adult level. 

In presenting industry’s viewpoint, Mr. 
Burpee said that industry will provide the 
specialized courses required by returning 
veterans. ‘These will be a combination of 
work and training to broaden cultural in- 
terests and prepare the engineer for leader- 
ship. Mr. Burpee urged that the colleges 
teach a student how to make best use of his 
talents and give him an inspiration to go out 
after ‘graduation and ‘‘make his Rlace 1 in the 
sun.’ 

Educational functions and Pe ieaioaa re- 
sponsibilities are closely linked, stated Colonel 
Davies in discussing the societies’ viewpoint. 
He declared that the societies have a re- 
sponsibility in encouraging youngsters who 
have the capacity to grow to develop their 
qualities of leadership. He declared that 
ECPD is facing a greater opportunity than 
ever before to further its objectives in the 
postwar period. 


Report of AIEE Representatives 


““ECPD was able to render a novel service” 
to the Institute during the past year,” stated 


O. W. Eshbach, who presented the annual 
report of AIEE representatives to ECPD at 
the meeting of the council. “The board of 
examiners asked us to determine whether 
Melbourne University (Australia) came with- 
in the usual interpretation in this country ofa 
school of recognized standing. The inquiry 
arose as a result of a request for enrollment 
of a number of students from Melbourne 
University, and the Institute’s bylaws specify 
that students may be enrolled only from 
schools of recognized standing. We trans- 
mitted the inquiry to the chairman of 


ECPD’s committee on engineering schools_ 
gl § 


who was good enough to investigate and 
who was able to inform us that the engineer- 
ing-degree students in good standing at the 
University of Melbourne would qualify for 
student membership in the Institute. We 
were happy to be able to transmit this find- 
ing to the board of examiners. 

‘During the year the Sections committee 
and the committee on Student Branches 
brought to the attention of the chairmen of 
the Sections and Branches both the ECPD 
pamphlet, “Will You Help?” and Chairman 
Lee’s paper, “The Engineer in the Postwar 
World” (EE, June’ 44, pp 278-20). These were 
transmitted by special letter urging the dis- 
tribution and the use of this material co- 
operatively with the sections and branches of 
the other engineering societies in carrying 
out locally the general objectives of ECPD. 

“On page 301 of the August 1944 issue of 
Electrical Engineering will be found a report of 
Mr. Lee’s appearance at the delegates’ 
conference during the summer technical 
meeting in St. Louis, Mo., where he ex- 
panded on the theme, ‘‘Will You Help?” 

During the year, and upon the recom- 
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-mendation of he chairman of the commi 


_and only two of the remaining factors could | 


une a ye 


on Student Branches, the Institute purchase 

5,000 copies of the revised pamphlet by V 
E. Wickenden “The Second Mile—A 
Resurvey.” ‘ 


WAR PROGRAM ee 


Aircraft Gunsight Extends 
Firing Range and Accuracy — 


An electronic gunsight of greater accuracy 
and less complexity of operation than the 
mechanical type previously used recently 
was installed on United States bombers. 
The gunsight was described by Erwin Hale, 
engineer of the Fairchild Camera and 
Instrument Corporation . and coinventer — 
with Irving Doyle of the improved gunsight, 
at the national fall meeting of the Institute 
of the Aeronautical Sciences in Dayton, Ohio. 

The new gunsight, designated as the K-8 

by the Army, has demonstrated an accuracy — 
against the enemy’s fastest airplanes ap- 
proaching that of stationary guns firing at 
stationary targets. The device has extended 
the range of the 50-caliber machine gun to 
more than 1,000 yards in contrast to its 
former range of 400 to 600 yards. Even — 
over this increased range a much higher 
accuracy of gunfire is obtained. The power 
of the K-8 as an almost impregnable defense — 
against pursuit airplanes is manifest when it 
is realized that the latter must approach 
within 200 to 400 yards of a bomber to score 
effective hits. 
. Installed in aircraft gun turrets, the K-38 
gunsight automatically corrects deflection 
between the line of sight and the gun. It is 
only necessary that the gunner keep a ring 
of light in the sight aligned with the target, 
for the gun to be corrected for all factors 
affecting the course of the bullet as well as — 
for the target’s relative velocity. All this 
computation is done electrically, and the 
final voltage representing the desired offset 
is relayed to an electronic servosystem ade > 
corrects for it. 

The K-8 is an advance over - the Pet 
mechanical gunsights in that it is instan-— 
taneous whereas computations attén 
upon use of the mechanical ones entailed Z 
time lag. It is complete, correcting $s i 
does for all factors affecting the projectile. 
Mechanical computers have had to neglect 
the effect of altitude and indicated air spee 


be used at one time for a given computation. 
Finally, the K-8 is compact. Ifany mechani- 
cal gunsight were to incorporate corrections. 
for all the factors accounted for by the a 
its mechanism would fill the gun turret. 

The K-8 has the added ‘recommendation 
of ease of manufacture. Many of the- parts 
of the electric computer are standard radio 
equipment, and a large part of the assembly 
work consists of wiring up the various com- 
ponents. Considerably less skilled labor is 
employed in its production, resulting in lower 
first cost and cheaper maintenance. 

Operation of the K-8 is relatively simple 
for a gunner. Once he is experienced in 
operation the power gun turret itself, five | 
hours instruction should develop the com- 
petence necessary to operate the K-8. The 
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computing system developed for the gunsight 
iis expected to see more widespread use in 
peacetime. It is particularly adaptable for 
problems involving several variables, which 
are difficult or impossible to handle by 
mechanical means. 


Explosives Sink Telegraph 
Poles for Signal Corps 


An ingenious method has been developed 
by the United States Signal Corps for sinking 
telegraph poles in very loose sand where the 
ordinary method of boring with an earth 
auger fails, because sand fills the hole the 
moment the borer is withdrawn. 

A camouflet tube, which is a land mine 
so charged that it burrows into the ground 
rather than merely blasting a surface crater, 
is driven to a depth of five feet. In the tube 
is inserted a primer and two pounds of ex- 
plosive. Once this explosive is planted 
underground, the tube is removed, and the 
loose sand covers the explosive charge and 
fills in the excavation made by the mine. 
The telegraph pole is held upright on the 
ground directly over the charge by four 
light guy ropes. When the buried charge 
is fired the pole sinks to a depth of five or 
six feet and is embedded firmly by the loose 
sand falling in around it as packing. If the 
amount of explosive and the number of prim- 


ers are increased, poles can be sunk to 


greater depths. 


_Silicone-Rubber Gaskets Used 
in Navy Searchlights 


Silicone rubber, a new form of silicone de- 
veloped in the General Electric Research 
Laboratory, which retains its elastic proper- 
ties at temperatures as low as 60 degrees be- 


A gasket of silicone rubber, which remains 

’ elastic even at the high temperatures en- 

countered near a high-intensity electric- 

arc light, is applied to the lens of a 24-inch 
Navy searchlight 
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blast. 


low zero or as high as 575 degrees Fahrenheit, 
is now being used for gaskets for Navy search- 
lights which are employed to direct the fire 
of guns at night. 

The searchlights must be as close as pos- 
sible to the battery, and this subjects them 


to severe jarring each time a gun is fired. 


To prevent breakage, the front glass has to 
be mounted with a shock absorber, and the 
high temperature of the electric arc inside 
requires that it resist heat. 

Formerly asbestos was used, since it was 
heat-resistant, although it lacks resiliency, a 
necessary property of the shock absorber to 
prevent breakage of the glass during gun 
Silicone rubber now combines the de- 
sired resiliency with heat resistance. 

Silicone-rubber gaskets also are used on 
the 12-inch signaling searchlights for the 
Navy and on the turbosuperchargers in 
B-29 bombers where they have been found 
to meet the necessary specifications. Tests 
show that a silicone-rubber gasket which 
seals the cover plate of the compressor casing 


of a supercharger retains its resiliency after . 


150 hours of continuous operation at 300 
degrees Fahrenheit. 

Silicone rubber is a polymer the backbone 
of which consists of a series of units, each 


_ made up of a silicon and an oxygen atom 


linked together. Attached to the atoms of 
silicon, on the side, are groups of hydrocar- 
bons. At the present time all the silicone 
rubber being produced in the United States 
is being used in high-priority war jobs. 


POSTWAR eeeee 


Stimulus to Industry and 
Employment in REA Program 


A potential $5,546,283,000 outlet for 
goods and services could be realized by a 
five-year rural electrification program for 
3,655,000 rural homes, according to detailed 
estimates accompanying a proposal recently 
submitted to the United States Department 
of Agriculture interbureau committee on 
postwar programs by the Rural Electrifica- 
tion Administration. 

The report is based on data from the 1940 
census, from reports of REA-financed co- 
operatives throughout the country, from 


. actual surveys of unelectrified farms in 600 


counties, and on the findings and reports 
of the various state postwar planning com- 
mittees. Estimates of line construction 
costs were made on a state basis, using the 
prewar cost of line per consumer as a factor. 
Expenditures for wiring, appliances, and 
plumbing installations were estimated on 
the basis of prewar experience modified by 
technological improvements during the war. 
The latter computations were made on a 
national basis. * 

~ More than 6,344,000 occupied rural dwell- 
ings now do not have central-station electric 
service, according to the REA surveys. 
Some of these are close to large cities and 
probably can be served by extensions from 
urban power systems; others located in 
areas of sparse population or isolated by 
physical barriers probably cannot be reached 
within the five-year period. But over 
3,000,000 can be electrified within the limits 
of the program, the report forecasts, by 
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extensions from existing rural power systems 
or from new ones built by local interests 
wherever they are needed. 

The report contemplates construction by 
both public and private financing though 
it is the conclusion of the REA committee 
that co-operative enterprise will provide the 
principal means of carrying out the proposed 
plan. 

The market which will be opened as a 


‘direct result of the construction program 


has been estimated in detail, and the report 
refers ‘to but does not estimate the volume 
of such general building renovation and 
purchases of new nonelectrical home furnish- 
ings as have followed rural electrification in 
the past. 

Cost of constructing the new lines for the 
complete program is put at $1,020,000,000. 
On a basis of one man-year of labor for each 
$2,000 spent, this undertaking should supply 
510,000 man-years of labor. 

_ The average newly connected farm will 


_ spend $145 for wiring and $400 for appliances 


and equipment, the preliminary report 
indicates, and in addition 35 per cent of 
them will install pressure water systems and 
plumbing costing $225. Other rural estab- 
lishments—nonfarm residences and the like, 
making up 25 per cent of the total—will 
spend $90 each for wiring and $200 each for 
appliances, and 25 per cent of them will 
install plumbing averaging $225. ; 
These expenditures should reach a total 
of $2,026,241,000 and require 1,013,120 
man-years of labor. Wiring accounts for 
$479,723,000 and 239,861 man-years of 
this estimate, appliances and equipment for 
$1,279,240,000 and 639,620 man-years, and 
plumbing for $267,278,000 and 133,639 man- 
years. _ 
The report also includes an estimate of 
the amount of new business arising from 
additional electrical installations by rural 
consumers already receiving service. It is 
anticipated that this will be even greater 
than that from similar installations by newly 
served consumers, aggregating $2,500,042,000 
and providing 1,250,000 man-years of 
labor. These are divided as follows: The 
2,557,000 presently electrified farms will 
spend an average of $40 for additional wiring 
and $300 for new electric equipment, and 
half of them will average $225 each for 
plumbing. The 6,800,000 nonfarm rural 
establishments now receiving service will 
average $25 each for additional wiring and 
$150 for electric appliances, and ten per cent 
of them will install plumbing at an average 


cost of $150. . 


The estimated totals for these additional 
expenditures by already electrified rural 
places are: Wiring, $272,280,000, providing 
136,000 man-years of work; appliances and 
equipment, $1,787,100,000 and 893,000 man- 
years; and plumbing, $440,662,000 and 
220,000 man-years. 

The report does not attempt to break 
down the five-year figures between private 
financing and public funds. It does, how- 
ever, cite a possible three-year program of 
REA loans for construction of distribution 
lines, rehabilitation of existing facilities, 
establishment of additional generation and 
transmission facilities, and financing installa- 
tions of plumbing and appliances and other 
equipment using electricity. Loan funds of 
$579,000,000 would be needed to effect 
such a program, 


This sum represents new investment. 
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REA officials pointed out that about 
$113,000,000 of REA loans that have already 
been approved have not yet been advanced 
to borrowers, largely because of wartime 
restrictions on construction; but approved 
loans can be used for construction almost 
immediately upon the lifting of restrictions. 
REA has applications on hand for addi- 
tional loans totaling almost $110,000,000; 
any approved applications from this group 
would, of course, constitute part of the 
three-year program, if it is authorized. 

The report stressed the principle of area 
coverage as all-important to both its pro- 
grams. Otherwise, the report states, there 
will remain many unserved and unservable 
pockets, because the cost of bringing elec- 
tricity to these sparsely settled communities 
separately would be prohibitive. 


TRUS TRY «0.010 8 


Status of Television 
Discussed at FCC Hearing 


The television receiver of the future will 
cover, in a single receiver, carrier frequencies 
from 540 kilocycles to 300,000 kilocycles and 
will receive amplitude- and frequency- 


modulated broadcasts and television pro- 


grams, according to C. B. Jolliffe (M ’34), 
chief engineer of the RCA Victor division of 
the Radio Corporation of America, in a 
statement made before the Federal Com- 
munications Cemmission at a hearing on 
frequency allocations. If television service 
is to be located in the frequency bands below 
300 megacycles and also above 400 mega- 
cycles, it may be possible to build into a single 
cabinet a receiver or receivers which will 
accept all services, either black and white or 
color, and regardless of the standards which 
may be used in the different frequency bands. 

During the war, RCA alone has had more 
than 1,000 engineers working on the re- 
search, development, design, and production 
_ of radio equipment for the Armed Forces. 
_ They have worked in the field of vacuum 
_ tubes, both transmitter and receiver, cath- 
ode-ray tubes, low-, high-, very high-, and 
super high-frequency transmitting and re- 
ceiving equipment, modulated, continuous 
wave, and pulsed. This experience will be 
reflected in peacetime production. 

Before the war, television transmitters 
were available that were capable of operat- 
ing at frequencies between 40 and 108 mega- 
cycles with a power upto a five-kilowatt peak. 
Although the war has interfered with the 
production of the necessary higher-power 
transmitters and tubes, television transmit- 
ters that will generate power of 50 kw up to 
108 megacycles and five kilowatts up to 300 
megacycles are in the process of design. Pre- 
war receivers, capable of producing a picture 
approximately 15 by 20 inches, will be re- 
placed by a receiver, now in the experimental 
stage, that will reproduce a picture approxi- 
mately 18 by 24 inches in size on a translucent 
screen with adequate brightness to be viewed 
in a fairly well-lighted room. 


In regard to proposals to move television. 


to frequencies above approximately 450 
megacycles, Mr. Jolliffe contends that such 
a step would necessitate the development of 
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“ment, shown at the left; 


Bombardiers Practice 1 


In this prefabricated ‘‘7A-3 Horizontal 
Bombings and Dead Reckoning Trainer,” 
which can be assembled indoors or out, are 
a replica (center) of the bombardiers com- 
partment of the Navy’s PB-4Y and the Army’s 
B-24 heavy bombers; aninstructor’s compart- 
and a floor screen 
upon which is projected the image of a target 
site. Training in bombing, dead-reckoning 
navigation, intercommunication procedure, 
and evasive action all are given in the new 
trainer manufactured by the International 
Business Machines Corporation. -When set- 


ting up a bombing problem, the instructor — 


reproduces the conditions of actual flight. 
By means of his instruments he can control 


in Ground Units — La 


Repro- 
duction of even the rarefied atmospheres 
high altitudes (to accustom the bombardier 
to working in heavy clothing) and the noise” 
and vibration of the motors complete the — 


altitude, air speed, and direction. 


illusion. The 


instructor can follow the 


moves made by the student, and conditions ~ 


can be held stationary at any point for 


correction of errors or discussion of method. — 


A ring of light on the image registers the 
accuracy of each bomb release. The trainer 
not only diminishes the extra expense and 


time and greater danger of target practice © 


from an airplane but also obviates the period. 


_of readjustment formerly existing between — 


ground training and practice flights. 


' 


a new and untried system involving a great 
deal of experiment and change in the present 
equipment before it can be presented to the 
public. It is estimated that this conversion 
would take at least five years during which 
time television could be reaching the 
American people on the lower frequencies. 
According to Mr. Jolliffe, the primary pur- 
pose of moving to the higher frequencies is 


to obtain adequate color television, and this 
feature should be offered as an addition to 
the present system rather than as a replace- 


ment. : 

In order to give television its fullest scope 
for expansion, Mr. Jolliffe recommends that 
the FCC reaffirm its authorization for com- 
mercial television on frequencies below 300 
megacycles and that it authorize the use of 
frequencies above approximately 450 mega- 
cycles for the experimental development of a 
new television system. 


Anniversary Movie Presented. With the 
presentation of a full-length motion picture 
entitled Heritage for Victory, the Western Elec- 
tric Company commemorated its 75th anni- 
versary in November 1944. The picture, 
which was produced in Hollywood, drama- 
tizes the growth of the organization over a 
period of three quarters of a century and 
thus also depicts the history of the telephone 
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and the telegraph. It will es shown to the 


Western Electric Company’s ns 100,000 


employees throughout the country. 


CBS Soon to Broadcast 
Single-Transmitter Television 


The first commercial transmitter which 


will broadcast both sight and sound signals 


on the same carrier frequency is being manu- 
factured by the Federal Telephone and Radio — 


Corporation for the Columbia Broadcasting 
Company. The new transmitter will be in- 
stalled atop the Chrysler Building in New 
York, N, Y., and will broadcast programs 
produced in qe ‘studios of WCBW in the 


Grand Central Terminal Building in ae 


_ York. 


The carrier frequency for the compels 
signal will lie between 450 and 500 mega- 


-cycles and the video frequency band will be 


ten megacycles. Combining visual and aural 
transmission on the same carrier frequency 
means a lower first cost, less. power consump- 


tion, less space requirement, and fewer high- 


power tubes for the broadcaster and a sim- 
plified receiver requiring less tubes for the 
listener. The fine-screen broad-band high- 


_ frequency transmission, which will be intro- 


duced, marks an improvement over the 


coarse-screen picture currently broadcast. — 


. 
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A degree of sharpness and detail twice that 
attained in present pictures is said to be 
sossible. Larger home screens, greater focal 
depth, and sharper clarity of objects in 
motion will accompany the new type of 
Transmission. Extension of the television 
service beyond the station’s present range of 
11,000,000 people will depend upon public 
acceptance of the programs and availability 
of intercity transmission facilities. 


HONORS eeeeece 


Highest Engineering Award 
Goes to John L. Savage 


_ John L. Savage, internationally prominent 
engineet long associated with the United 
States Bureau of Reclamation, has been an- 
nounced as the recipient for 1944 of the John 
Fritz Medal, oldest and generally conceded 
to be the highest award of the engineering 
profession in America. The citation recog- 
nizes his “superlative public service in con- 
ceiving and administering the engineering 
of mammoth dams, bath in spucanuee and 
beyond the seven seas.’ 


Born in Wisconsin in 1879, Mr. at p 


was graduated from the University of Wis- 
consin with the degree of bachelor of science 
in civil engineering in 1902. He entered the 
United States Reclamation Service in 1903 
and, except for a period from 1908 to 1916 
as consulting engineer with A. J. Wiley, 
Boise, Idaho, has continued that connection 
throughout his entire career. Since 1924 he 
has been chief designing engineer for the 
Bureau and as such has had charge of the 
design of all the great dams under its juris- 
diction including the Boulder, Grand Coulee, 
and Shasta Dams. Furthermore he has been 
adviser on the design of the Tennessee Valley 
Authority dams and carried out assignments 
in Puerto Rico, South America, India, and 
Australia. At present he is engaged in a 
consulting capacity on important works in 
India. He holds the honorary degree of 
doctor of science from the University of 
Wisconsin and the gold-medal award for 


distinguished service of the Colorado Engi- 


neering Society. He has been invited as 
honorary lecturer before the Institution of 
Civil Engineers of Great Britain. In 1941 
he was elected to honorary membership in 
the American Society of Civil Engineers. 

The John Fritz Medal i is awarded annually 
by a board composed of four representatives 
of the American Institute of Electrical Engi- 
neers, the American Society of Mechanical 
Engineers, the American Institute of Mining 
and Metallurgical Engineers, and the 
American Society of Civil Engineers, for 
notable scientific or industrial achievements, 
regardless of nationality or sex. 


Lawrence D. Bell Receives Aeronautics 
Medal. The Daniel Guggenheim medal 
for achievement in aeronautics has been 
awarded to Lawrence D. Bell for “achieve- 
ment in design and construction of military 
aircraft and for outstanding contributions 
to the methods of production.” Since 
forming the Bell Aircraft Corporation, Mr. 
Bell has specialized in the construction of 
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fighter aircraft among which are the Aira- 
cuda, the Airacobra, and Kingcobra models. 
His company also is a producer of the Boeing 
B-29 Superfortress. Mr. Bell has been gen- 


eral manager of The Glenn L. Martin’ 


Company and the Consolidated Aircraft 
Corporation. Later he organized his own 
company. Mr. Bell has served as president 
of the East Coast. and National Aircraft 
War Production Councils. He is a member 
of the Institute of Aeronautical Sciences and 


‘a past president of the Aero Club of Buffalo, 


N. Y. The award is made by a committee 
appointed by the American Society of 
Mechanical Engineers, the Society of Auto- 
motive Engineers, and the Institute of Aero- 
nautical Sciences together with past medal- 
ists residing in the United States. 


OTHER SOCIETIES « 


Raise AIME Member Dues 


An amendment to the bylaws of the 
American Institute of Mining and Metal- 
lurgy providing for an increase in the annual 
dues of members of that organization from 
the former $15 to $20 was adopted recently 
by the AIME board of directors. Con- 
comitant to this increase are the reduction 
of the dues paid by junior members to $10 
and the abandonment of the $20 initiation 
fee formerly required of junior members 
wishing to transfer to the status of member, 
if the junior member has paid dues for ten 
years, either as student member or junior 
member, prior to his transfer. 

This method of balancing the AIME 
budget and at the same time lowering the 
financial membership requirement for 
young engineers was adopted in preference 
to curtailment of any present AIME activi- 
ties or publications or solicitation of outside 


“subsidy. Among the immediate results of 


the new program expected by AIME presi- 
dent, Chester A, Fulton, are an increased 
allocation of funds to the papers and publica- 
tions committee, an addition to the number 
of publications an individual member may 
receive annually without extra charge, and 
an increase in the allocation of funds avail- 
able to the committee on local section appro- 
priations. None of the additional revenue 
will be expended for administrative costs 
or for maintenance or operation of AIME 
headquarters in New York, N. Y. 


ASRE Announces Grants _ 
for Refrigeration Research 


Four grants of $500 each, sponsored by the 
American Society of Refrigerating Engi- 
neers, have been made to institutions engaged 
in refrigeration education and research, ac- 
cording to a recent announcement of the 
society. 

The grants, which are made on the basis 
of recommendations of the ASRE committee 
on education and research, have been 
awarded to the Massachusetts Institute of 
Technology for research on a standard 
calorimetric procedure for testing of re- 
frigeration compressors and on the pressure 
drop in Freon evaporators, and to the 
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Oregon State College for projects to deter- 
mine the values of film coefficient of heat 
transfer from metal surfaces to boiling am- 
monia in a flooded evaporator and to develop 
methods of preserving fish. 

Similar grants have also been made to the 
University of Illinois and to the University 


of Tennessee. 


AWS Receives Award. Presentation of the 
Ordnance Distinguished Service award, 
which was authorized on July 20, 1944, was _ 
made to the American Welding Society at 
the opening session of its annual meeting 
in Cleveland, Ohio. The presentation was 
made by Colonel S. B. Ritchie, assistant 
chief of research and development, Office 
of the Chief of Ordnance, in recognition 
‘of outstanding and meritorious engineering 
advisory services, in war and peace, for the 
development and maintenance of ordnance 
matériel.” The award was accepted by 
David Arnott, president of the society, and 
vice-president and chief surveyor of the 
Bureau of Shipping. 


ASCE Assigns Field 
Secretary to Western Area 


Henry M. Thackwell, a member of the 
American Society of Civil Engineers, has 
been appointed to the society’s staff as 
field secretary, as of August 17, 1944, to 
represent the society in an area covering the 
11 Western States and Texas. His duties 
formerly were handled by visits of staff 
members, whose headquarters were in New 
York City. 

Mr, Thackwell’s new assignment will 
enable him to assist the local sections and 
student chapters and to give guidance to — 
groups of professional engineering em- 
ployees in need of information on matters 
pertaining to employment conditions. He 
is to serve the members in any way in which © 
he can as a staff member: to locate publish- 
able material of professional interest, to 
contribute toward the activities of the ad- 
ministrative and professional committees, 
and, in general, to supervise the society’s 
interests in his area. 


AIME Elects 1945 Officers 


Election of Harvey S. Mudd, president 
and managing director, the Cyprus Mines 
Corporation, Los Angeles, Calif., as president 
of the American Institute of Mining and 
Metallurgical Engineers was announced ~ 
recently. 

Other officers elected were: vice-presi- 
dents, Donald H. McLaughlin, vice-president 
and general manager, Cerro de Pasco Copper 
Corporation, New York, N. Y., and Leo F. 
Reinartz, manager, Middictowe (Ohio) 
division, American Rolling Mill Company; 
and six directors, C. H. Benedict, metal- 
lurgical manager, Calumet and Hecla 
Consolidated Copper Company, Lake Lin- 
den, Mich.; Robert H. Morris, general 
manager, the Gauley Mountain Coal Com- 
pany, Ansted, W. Va.; J. C. Nicholls, 
assistant to the president, the International 


Nickel Company of Canada, Ltd., Toronto, 
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Future Meetings of Other Societies — 


American Institute of Mining and Metallurgical Engi- 
neers. Annual meeting, February 18-22, 1945, New 
York, N. Y. 


American Society of Civil Engineers. 
January 17-19, 1945, New York, N. Y. 


Institute of Radio Engineers, Winter technical meet- 
ing, January 24-27, 1945, New York, N. Y. 


Institute of the Aeronautical Sciences. 
meeting, April 1945, Detroit, Mich. 


Annual meeting, 


13th annual 


Ontario; Clyde E. Weed, vice-president 

_in charge of mining operations, Anaconda 
Copper Mining Company, New York; 
' Eugene A. White, manager, Tacoma (Wash.) 
smelter, American Smelting and Refining 
Company; and William E. Wrather, direc- 
tor, United States Geological Survey, Wash- 
ington, D. C. 


AWS Announces 1945 Officers 


A. CG. Weigel, vice-president, Combustion 
Engineering Company, Inc., New York, 
N. Y., has been elected president of the 
American Welding Society, according to a 
recent announcement. 

Other elections include: Isaac Harter, 
vice-president, the Babcock and Wilcox 
Company, Barberton, Ohio, to the office 
of first vice-president; W. F. Hess (M41), 
assistant professor of metallurgical engineer- 
‘ing, Rensselaer Polytechnic Institute, Troy, 
N. Y., second vice-president; O. B. J. 
Fraser, director of technical service on mill 
_ products, International Nickel Company, 
New York, treasurer; and M. M. Kelly, 
Society Headquarters, secretary. Newly 
‘elected directors are: Roger W. Clark, 
‘welding engineer, General Electric Com- 
‘pany, Schenectady, N. Y.; L. W. Delhi, 
vice-president, Western Pipe and Steel 
Company, San Francisco, Calif.; J. F. 
Lincoln (F’39), president, Lincoln Electric 
Company, Cleveland, Ohio; and H. Mal- 
colm Priest, engineer of the Railroad Re- 
search Bureau, United States Steel Cor- 
poration Subsidiaries, 


IRE Elects Officers for 1945 


Election of William L. Everitt (F ’36), 
chief of the operational research branch, 
Office of the Chief Signal Officer of the 
United States Army, Washington, D. C., 
as president of the Institute of Radio Engi- 
neers, has been announced by the board of 
directors of that society. 

Also elected were Hendrik J. Van der 
Bijl (M717), chairman of the Electricity 
Supply Commission, Johannesburg, Trans- 
vaal, Union of South Africa, as vice-president 
of the institute; and for three-year terms as 
directors; Stuart L. Bailey, consulting radio 
engineer, Jansky and Bailey, Washington, 
D. C.; Keith Henney, editor of Electronics, 
New York, N. Y.; and Benjamin E. Shackel- 
ford (M’42) engineer-in-charge, frequency 
bureau, Radio Corporation of America, 
New York. 
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JOINT ACTIVITIES 


Engineering Foundation 
Selects Officers for 1945 


The Engineering Foundation has re- 
elected A, L. Queneau, metallurgist, the 
United States Steel Corporation, as chair- 
man for 1945; Edwin H. Colpitts (F712), 
formerly director, the Bell Telephone 
Laboratories, as director; and John H. R. 
Arms as secretary. The new vice-chairman 
is A.B. Kinzel, chief metallurgist, Union 
Carbide and Carbon Research Labora- 
tories, Inc. 

The research procedure committee will 
be composed of L. W. Chubb (F ’21), West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.; E. A. Prentis, 
Jr., Spencer, White, and Prentis, Inc.; H. 
E. Wessman, New York University; W. M. 
Peirce, the New Jersey Zinc Company; 
W. Trinks, Carnegie Institute of Technology ; 
and W. A. was (M ’39), Armour Research 
Foundation. Queneau will represent 
the Tee beeen on the executive 
board of the National Research Council. 


UET 1945 Officers Elected 


The re-election of F. Malcolm Farmer 
(F 13), vice-president and consulting engi- 
neer, the Electrical Testing Laboratories, 
New York, N. Y., as president of United 
Engineering Trustees, Inc., has been an- 
nounced by that society. 

Other officers elected include vice-presi- 
dents Arthur S. Tuttle, consulting engineer, 
and Everett S. Lee (F’30), engineer in 
charge, general engineering laboratory, 
General Electric Company; George L. 
Knight (F’17), chairman of the finance 
committee; A. L. Queneau, chairman of the 
real estate committee; Albert Roberts, 
treasurer; C. R. Jones (M30), assistant 
treasurer. John H. R. Arms, general 
manager of the corporation, continues as 
secretary. 


LETTERS TO 


INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opinion 
dealing with published articles, technical papers, 
or other subjects of general professional interest. 
While endeavoring to publish as many letters as 
possible, Electrical Engineering reserves the right 
to publish them in whole or in part or to reject them 
entirely, Statements in letters are expressly under- 


Postwar Curriculums in Electrical 
Engineering 
To the Editor: 


The article “Postwar Curriculums in 
Electrical Engineering” by R. G. Kloeffler 
in the October issue of Electrical Engineering 
interested me very much as I had some 
thoughts along the same line. 
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EDUCATION eee 


Applications Available for 
Jewett Fellowships — 4 
Applications for the Frank  B. Jewett 


q 


Fellowships for post-doctorate research in — 


the fundamental physical sciences may now 


be obtained from the Frank B. Jewett 


fellowship committee, Bell Telephone Labo- 
ratories, 463 West Street, 
INS Ye 


New York 14, : 


The applications should be returned con 
the committee before January 1, 1945, and _ 


announcements of awards will be made on > 
March 1, 1945. Applicants who, because of — 


location, will be unable to obtain and return 


an application before the closing date may 
apply by a letter which should contain a | 
brief biographical statement, information as 
to education and previous professional work, 
a report of research completed or in process, 
a discussion of the research which the appli- 


name of the institution where he wishes to 
work. Three or four names should be fur- 
nished for references regarding the applicant’s 
scientific qualifications and aibadoeg 2 =) 


Pg 


- Westinghouse Company Forms 


New Educational Department 


Formation of a new educational depart- 
ment, co-ordinating all of the ie 
relations with schools, colleges, and uni- 
versities, has been RE by the Weng, | 


house Electric and Manufacturing: Company, ‘ 


Pittsburgh, Pa. 


: 
cant proposes to pursue if appointed, and the | 


t 


The new department will consist of three j 


main divisions: school service, which pro- 
vides teaching aids and science information 
to schools and other educational institutions, 
and is directed by Charles W. McLean; 
university relations, which administers the 
company’s scholarships and fellowships and 
supervises the recruiting of graduate student 
employees under the management of Howard 


6 


C. Madsen (A ’42); and the student training © 


division, with O. D. Montgomery as mana- 


ger, which supervises the training of all , 
graduate students for the company. 


THE EDITOR 


stood to be made by the writers. Publication here 
in no wise constitutes endorsement or recognition 
by. the AIEE, All letters submitted for publication 
should be typewritten, double-spaced, not carbon” 
copies. Any illustrations should be submitted in 
duplicate, one copy an inked drawing without 
lettering, the other lettered. Captions should be 
supplied for all illustrations. 


I think Mr. Kloeffler has brought to the 
fore a most important factor, which properly 
can influence the future of our country, not 
just in electrical engineering but in all ffelds 
of engineering. Mr. Kloeffler advocates 
the introduction of nontechnical courses 
into the engineering curriculum, so that the 
engineer will be better adapted to do his 
bit toward bettering the world economically, 
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politically, and socially as well as in the field 
of engineering. I am in full accord with 
his ideas but also wish to expand them with 
some of my own. 

A person who has gone to an engineering 
institution usually is educated principally 
in the field of physical science with some 
broadening of thoughts in the field of social 
science. This person may be invaluable in 
his own field but can offer nothing to society 
as a whole. How much better equipped this 
person would be to add something to the 
world, as well as himself, if he had been 
educated in humanistics, biological science, 
the use of his hands, and the general over-all 
picture of how these fields effect each other. 

Along this line let us therefore make pro- 
visions for some more nontechnical courses 
in addition to those suggested by Mr. 
Kloeffler, such as those listed below: 


Industrial planning...........++++++s+++- 4 (8 hours 
Tndustrial management .. ii... cey resale oes . 2 hours 
ACCOMM Ges aj, ambos + «cide ri Giese nena 3 hours 
Industrial economics, or 
Industrial application of electrical equipment.. 1 hour 
Engineering applications to biological science.. 1 hour 
CEG Yat: tet tonic otelel alte She leyo kale wet oiaiel above 1 hour 
Dieteal sire vires ein vieacveimiasaieiis eee + axrkede «ua torent rete 3 hours 
Military science and tactics—basic............ 8 hours 
(compulsory) 
Advanced military science and tactics......... 12 hours 
(optional) 


One month summer session of practical instruction 
in welding, foundry, use of machining tools, 
and precision mechanical work............ 4 hours 
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This would give us the broad tentative 
schedule shown in Table I. 

_ The foregoing would be a total of 163 
credit hours and this would be quite a heavy 
schedule for a student. At the same time 
there are not quite enough electrical-engi-. 
neering courses (40 credit hours) to give the 
student all the specific electrical knowledge 
he might desire, but, on the other hand, the 
graduate would have a well-rounded educa- 
tion that would fit him better for the over-all 
aspects of the business and social world. 

The reason for including military science 


-and tactics is to give the student an oppor- 


tunity to be prepared to help his country in a4 
crisis such as we had December 7, 1941. 
The present success of the war is due largely 


‘to the many available reserve officers who 


were called to active duty. What the 
Ordnance Department has done is a fine 
example of how many reserve officers who 
had experience in research, engineering, 
and production work helped to take over 
almost similar functions in the military 
service to help make the United States the 
‘arsenal of the world.” 


My own work as a maintenance specialist 
of antiaircraft artillery and fire-control | 
equipment has been very broadening, but 
I was handicapped by the lack of previous 
instruction in the use of precision machine 
tools and welding. 


Of Current Interest 


The Army has been excellent experience 
to many of us lucky enough to be in a tech- 
nical service, for we have had experiences 
in being the military supervisors of sections 
which are civilian in man power and in 
many ways of operation. It has been neces- 
sary to do maintenance in the field and to 
give advice and instruction to the men using 
the equipment, as well as to analyze and 
write maintenance procedures. 

My contention is: let the college furnish 
the broad and well-rounded education; and 
either let the industrial concerns educate 
their engineer employees in the more specific 
electrical knowledge for their job or jobs or 
add a fifth semester of specialized study to 
the curriculums. 

A man who is better able to see and meet 
the social and economic problems of today 
and who has an understanding of human 
nature will be a better man in his com- 
munity and in his job. And, because he can 
do mechanical work with his hands, his 
opportunities in the field of hobbies are 
broader, and a man who has no spare time 
on his hands for loafing is a better and 
happier man. : 


H. L. ABBOTT (A’44) 


(First lieutenant, Ordnance Department, United States 
Army, Philadelphia, Pa.) 


NEW BOOKS eee 


The following new books are among those recently 
received from the publishers. Books designated ESL 
are available at the Engineering Societies Library; 
these and thousands of other technical books may 
be borrowed from the library by mail by AIEE 
members. The Institute assumes no responsibility 
for statements made in the following summaries, 
information for which is taken from the prefaces of 
the books, All inquiries relating to the purchase of 
any book reviewed in these columns should be 
addressed to the publisher of the book in question. 


Reports on Progress in Physics, volume 9, 
1942-43. Edited by W. B. Mann. Pub- 
lished by The Physical Society, 1 Lowther 
Gardens, Exhibition Road, London, S.W.7, 
EngJand; printed by Taylor and Francis, 
Ltd., Red Lion Court, Fleet Street, London, 
E.C.4, 1943. 353 pages, illustrated, 10 by 
7 inches, cloth, $6. (ESL.) 

The new volume of this valuable series 
covers two years, instead of one, because of 
the need for economy. It includes ten 
reports on advances in our knowledge -of 
atmospheric physics and chemistry and re- 
ports on other important fields, such as solar 
physics, the structure of rubber, counter 
tubes, field emission of electrons, physics 
and the search for oil, sound, crystal dy- 
namics and X-ray scattering, and the physics 
of paintings. As usual, the articles have 
useful bibliographies. 


Thorpe’s Dictionary of Applied Chemistry, 
volume VI. By J. F. Thorpe and M. A. 
Whiteley. Fourth edition revised and en- 
larged with an index to volumes I-VI by 
J. N. Goldsmith. Longmans, Green and 
Company, London, England; New York, 
N. Y.; Toronto, Ont., 1943. 611 pages, 
illustrated, 91/2 by 6 inches, cloth, $30. 
(ESL.) 

Volume VI of the new edition of this 
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; 


4," 


_ deals with developments 


well-known reference work follows the pat- 
tern of the earlier ones. In addition to a 
wide variety of topics treated succinctly 
in dictionary style, it includes comprehensive 
articles on glazes and frits, beryllium, glue, 
glycerin, gold, hafnium, hydrogenation, 
helium, homogeneous catalysis, 
and gum inhibitors. 


Twentieth Century Engineering. By C. 
H. S. Tupholme. Philosophical Library, 
New York, N. Y., 1944. 201 pages, illus- 
trated, 9 by 5!/2 inches, cloth, $3. (ESL.) 

Intended to give the layman an account of 
“some of the more spectacular engineering 
progress during recent years,” this work 
in mechanical 
power, workshop processes, air conditioning, 
refrigeration, chemical and metallurgical 
engineering, electrical engineering, traction, 
marine engineering, aircraft, and physics. 
The book is an American reprint of one 
ee in England in 1942. 


Essentials of Precision Inspection. By W. 
Mollard. McGraw-Hill Book Company, 


Inc., New York, N. Y., and London, 
England, 1944. 207 ee. illustrated, ' 
11 by 81/2 inches, cloth, $3. (ESL.). 


This manual offers a systematic course of 


instruction in the use of the instruments 


employed in interchangeable manufactur- 
ing. These instruments are described; 
methods of checking their accuracy given; 
and their uses for various purposes explained 
‘and illustrated by problems, 


Theoretical Chemistry. By S. Glasstone. 
D. Van Nostrand Company, New York, 
N. Y., 1944. 515 pages, illustrated, 91/2 by 
6 inches, leather, $5. (ESL.) 

As the subtitle indicates, this book is 
concerned with those aspects of quantum 
mechanics, statistical mechanics, and molecu- 
lar spectra that have a bearing on chemical 
problems. It is intended to provide an 


_ introduction that will enable the reader to 


understand clearly how quantum mechanics 


_ and statistical mechanics have been used in 


chemical work, and also to provide a founda- 
tion for further study. 


Plastic Molds. By G. B. Thayer. Second 
edition. American Industrial Publishers, 
. Cleveland 6, Ohio, 1944. 136 pages, illus- 


trated, 91/, by 6 inches, cloth, $3.50. (ESL.): 


An experienced engineer here presents his 
ideas on the design and construction of molds. 
The various classes of molds used in com- 
pression and injection molding are de- 
scribed, and detailed description of various 
molds given. New material has been added 
to this edition, including contributions by 
several collaborators. 


Bibliography and Abstracts on Electrical 


Contacts. Prepared by committee B-4 on 
electrical-heating, electrical-resistance, and 
‘electric-furnace alloys. American Society 
for Testing Materials, 26 South Broad 
Street, Philadelphia, 1944. 137 pages, 
tables, 91/2 by 6 inches, cloth, $5. (ESL.) 
This bibliography lists and, for most 
entries, abstracts over 800 publications on 
electric contacts. The arrangement is 
chronological, but subject and author 


_ indexes are provided. Among the subjects 


included are electric contacts in general, 
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hydrogen, ~ 


Pipeline to Battle. 


, 


contact 
contact 


materials, circuit-breaker design, 
‘resistance and temperature, the 
electric arc, spark and glow discharges, 
contact wear, and circuit parameters as 
applied to contact flee 


ASTM Standards on Electrical Insulating 
Materials. Prepared by ASTM committee 
D-9 on electrical insulating materials; 
specifications, methods of testing, February 
1944. American Society for Testing Ma- 
terials, 260 South Broad Street, Phila- 
delphia 2, Pa., 1944. 502 pages, illustrated, 
9 by 6 inches, paper, $2.75. (ESL) 

This pamphlet contains the latest report 
of the committee on insulating materials, 
which proposes a routine method for testing 
the gas content of insulating oil and methods 


‘ of testing askarels, and discusses the signifi- 


cance of tests of electrical insulating ma- 
terials. It also contains the methods de- 
veloped by the Society for testing varnishes 
and lacquers, molded insulating materials, 
plates, tubes, mineral oils, ceramic products, 
rubber, mica, and other insulating materials. 


Nobel—Prize Donor. By M. Evlanoff. 
Published by the Blakiston Company, 
Philadelphia, Pa.; distributed by Fleming 
H. Revell Company, New York 10, N. Y.; 
London, England; and Edinburgh, Scot- 
land, 1943. 190 pages, illustrated, 8!/, by 
51/, inches, cloth, $2.50. (ESL.) 


This is the history of the Nobels, father | 


and sons. The major part of the book is 
devoted to Alfred Nobel, the inventor of 
dynamite and creator of the Nobel prize. 
Attention also is given to the less known work 


of his brothers, Robert and Ludwig, and the 


immense oil industry which they founded in 
the Caucasus. 


By P. W. Rainier. 
Random House, Inc., New York, N. Y., 
1943. 302 pages, maps, 8!/. by 51/o hes 
cloth, $2.50. (ESL.) 

The author of this interesting account of 
the African campaign of the British Eighth 
Army is an experienced mining engineer who 


_ joined the Royal Engineers in 1940 and 


served through the African campaign. 
His major task was to get water to the men 
in the front lines, and he laid pipe lines, 
drilled wells, and built waterworks through- 
out the campaign. His account of desert 
warfare is a vivid readable one, mostly, 
written in the field. 


System of Mineralogy. James Dwight 


Dana and Edward Salisbury Dana, Yale 


University 1837-1892, seventh edition, en- 
tirely rewritten and greatly enlarged. By 
C. Palache, H. Berman, and C. Frondel. 
Volume I, Elements, Sulfides, Sulfosalts, 
Oxides. John Wiley and Sons, Inc., New 
York, N. Y.; Chapman and Hall, London, 
England, 1944. 834 pages, illustrated, 
91/, by 6 inches, cloth, $10. (ESL.) 

The new edition of this classic reference 
book will be welcomed by all students of 
mineralogy. As now issued, it is essentially 
a new book. Among the improvements are 
a new system of classification, a revision of 
morphological elements, a new way of pre- 
senting crystallographic data, introduction of 
optical characters, and other changes occa- 
sioned by the advances in the science during 
the last 50 years. 


Of Current Interest 


- 60 John Street, New York 7, N. Y., 74 pages. a 


_ The Financial Record of the Electric Util- 


‘ton 5, D. C., 68 pages, 25 cents. 


par iou Washes D. Ca Ere 
pages, tables, maps, 9!/, by 6 inches, cloth, 
$2. (ESL.) 


This new publication of the Brookin 


prRveene fasiree mila eurestam by 
Germany and Japan. The possibilities fe 
their control by various economic measures, 
such as restriction of the Spe oe aw 


eee is deveritsed: ‘hike baesse possi a 
of success and which the authors believe to 
be the only effective means of checking ag: 


gression. : 


The following recently issued pamphlets may es ' 
of interest to readers of ‘‘Electrical Engineering. og | 
All inguiries should be addressed to the issuers. 


Organo-Silicon Films. By Francis J. Nor- 
ton. General Electric Company, Schenec- 
tady, N. Y., 11 pages. 


Second New England Traffic Engineering 
Conference. National Conservation Bureau, S| 


Simplified Spanish. Pan American So- 
ciety, Box 315, Quito, Ecuador, South Amer- — 
ica, no charge. 


Glossary of Foreign Welding Terms, 
American Welding Society, 33 West 39th — 
Street, New York 18, N. Y., 16 pages, 50 
cents. ; 


Standards for the Installation and Opera-— 
tion of Centrifugal Fire Pumps. WNa- 
tional Board of Fire Underwriters, 85 John 
Street, New York 7, N. Y., 52 pages. 


ity Industry, 1937-43. Federal Power Py: 
Commission, Washington, D. C., 10 pages, 
no charge. 


Federal Agencies. Citizens National Com- 
mittee, Inc., 1409 L Street, NW, Washing- 


Postwar Planning in the United Sisteal 
Twentieth Century Fund,. 330 West 42nd 
Street, New York 18, N. Y., 154) pages, $1. 5 


Good Public Relations for the General Con- 
tractor. Associated General Contractors of 
America, Inc., 10 Rockefeller Plaza, New 
York 20, N. Y., 24 pages. 


Facilities Expansion. Bureau of Census, k 
Washington 25, D. C. \ 
Multiple Industrial Tenancy. Smaller War — 
Plants Corporation, Washington, D, C., 18 q 
pages. ; : See 


Republic Goes to War. Republic Steel — 
Corporation, Cleveland 1, Ohio, 94 pages. 


¥ 
V-Belt Handbook for Industrial ‘Applieas 
tions. The B. F. Goodrich Company, 
Akron, Ohio, 74 pages. ; 
Business Engineering in the Shipyards, 8 7 
pages. Production Weapons, 8 pages. , 
George S. May Business Foundation, 11 — 
South Dearborn Street, Chicago, IIl. ' 
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A. Graphical Analysis of the Voltage 
and Current Wave Forms of 
Controlled Rectifier Circuits 


P. T. CHIN 


ASSOCIATE AIEE 


Synopsis: Controlled rectifiers employing 
gaseous discharge tubes are used more and 


more frequently in the industrial field owing 


to the ease of control of the output voltage 
and the high conversion efficiency. The 
yoltage and current wave forms at the dif- 
ferent parts of controlled rectifier circuits 
are often non-sinusoidal and discontinuous 
due to the one-way valve-action of the recti- 
fying elements. Thispaper presentsa graphi- 
cal method of constructing the voltage 
and current wave forms based on a few well- 


known fundamental principles of electrical 


engineering. This method is presented step 
by step and a few typical examples are 
shown to illustrate its validity. 


1. Introduction | 
ONTROLLED rectifiers, either thyra- 


tron-tube or ignitron-tube equip- 
ments, are becoming more and more fre- 


; quently used to obtain regulated sources 


of d-e from an a-c supply, both for d-c 
power requirements and for control pur- 


_ poses. 


When the regulated source of d-c re- 


* quires only a few kilowatts of power, the 


single-phase rectifier circuit is preferable 
because of its economical use of tubes and 
associated apparatus and because of the 
simplicity of its control circuits. In addi- 


tion, the single-phase circuit is probably 


easier for the beginner to understand, and . 


once its fundamental principles of analy- 


sis are mastered they can be extended 


readily to polyphase rectifier circuits. 
Comparatively little material is avail- 

able in current literature on the subject of 

controlled rectifiers, and in particular on 


Paper 44-75, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE North Eastern District technical meeting, 
Boston, Mass., April 19-20, 1944. Manuscript 


submitted February 21, 1944; made available for 


printing March 8, 1944. 


P. T. Carn and E. E. Mover are in the electronics 
section, industrial control engineering division, 
General Electric Company, Schenectady, N. Y. 


t 
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E. E. MOYER 


MEMBER AIEE 


the analysis of voltage and current wave 
forms at different parts of the circuit. 
Rectifier-cireuit analysis is difficult be- 
catise nonsinusoidal wave forms, which 


often involve discontinuities, are produced 


by the one-way controlled-valve action of 
the gaseous-discharge-tube rectifying ele- 
ments. 

A knowledge of these voltage and cur- 


rent wave forms is necessary to predict the ° 


nature of the output which can be ob- 
tained from a particular circuit and load 


combination, and to select elements of the 


correct ratings for the voltages and 
currents encountered. Furthermore, a 
mathematical analysis of these circuits 


presupposes a physical picture of the cir- 


cuit behavior. 

In order to show the Significance of 
voltage and current wave forms with re- 
spect to each circuit element, consider 
the single-tube rectifier supplying a load 
comprising an inductance in series with a 
resistance as shown in Figure la. Sucha 
load is typical of the field winding of a 
dynamo-electric machine, the coil of a 
contactor or relay, and the windings of 
clutches and solenoids. Figure 1b shows 
the instantaneous distribution of voltage 
across the four elements of the circuit, 
namely, anode-transformer secondary 
winding, rectifying element, inductance, 
and resistance. 

Figure 2a to e, tire. shows the 
wave forms of voltage and current at the 
individual elements of the circuit of Fig- 
ure 1. Figure 2b is the wave form of the 
output voltage of this half-wave rectifier 


circuit. In practice, as.in the case of a 


coil whose inductance has inevitable re- 
sistance, the voltage across L cannot be 
segregated from the voltage across R so 
that each voltage can be observed sepa- 
rately. It is from the picture of Figure 2b 
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that the wave forms of Figure 2e, d, anal € 
are most readily derived. 

Table I summarizes the significance of 
each picture of Figure 2 with respect to 
those features which are important to 
each circuit element. 

In the presentation which follows, each 
of the fundamental principles is stated 
and the examples are analyzed by the — 
application of these principles. The 
analysis is based on the following assump- 
tions: 


._ A. Linear circuit elements, REO 


' B. Transformer leakage reactance and re- 


sistance and the internal resistance and re- — 
actance of a counter electromotive force are 
neglected. : 
C. The solution is that of tie stead state, 
although this method can be extended to — 
transient analysis as is shown Beg. the xs 
ample of Figure 14a. si 


2. Faadanenie of Analysis. 


The several fundamental principles — 
of circuit analysis which will be used — 
throughout this discussion are ‘stated 
herewith. Each principle is given a num- 
ber by which it is referred to in the ex- 
amples which follow. si 


2.1. KiRCHHOFF’S LAWS 


2.11. Voltage. The summation of the in- 
stantaneous voltages around a closed cir- 
cuit is equal to zero. 


Referring to Figure 1b, it is shown that 
the instantaneous transformer voltage is _ 
equal to the sum of the respective volt- — 
ages, at that same instant, across the — 
tube, the inductance, and the resistance. 


2.12. Current. The summation of the in- 
stantaneous currents at a conven ee equals 
zero. 


2.2. Tue ReEsistor—Its VOLTAGE- 
CURRENT RELATIONS 


A pure resistor cannot store energy; it can 
only dissipate energy. : 


The energy consumed by a resistor is 
dissipated in the form of heat. This 


- energy is expressed in watt-seconds, or 


joules, if eg isin volts and 7 in amperes ac- 
cording to the relation: 


Energy = af: Cpt at 


The power consumed by a resistor, or, 
the rate of energy dissipation, is equal to 
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éxi and is measured in watts if ¢ is ex- 
pressed in volts and 7 in amperes. 
2.21. Both the current flowing through a re- 


sistor and the voltage across the resistor can 
be changed instantaneously. 


2.22. The voltage.drop across a resistor is 


always of such polarity as to oppose the : 


flow of current through the resistor. 


2.28. In aresistor, the voltage and the cur- — 


rent have the following relation: 
=Ri . 
/ PO Tue Inpucror—Its VOLTAGE- 
_ CURRENT RELATIONS 
A pure inductor cannot dissipate energy. 
Energy can be stored in the electromag- 


_ netic field of an inductor so long as cur- 
rent is flowing in the winding. This en- 


THYRATRON 


Figure 1. Distribu- 
- tion of voltage across \ 

different circuit ele- 
. ments 


ergy is expressed in watt-seconds if the 
inductance is in henrys and the current in 
amperes according to the relation: 


Energy =1/2L7? 


_ Thus, ina given inductance of L henrys, . 


the square of the current at any instant 
is a measure of the energy stored therein. 


2.31. The energy stored in an inductor can- 
not be changed instantaneously; therefore, 
the current through the inductor cannot be 
changed instantaneously. 

The voltage across an inductor can be 
changed instantaneously (a change of volt- 
age is not a change of energy). 


’ 932. Lensz’s Law. The polarity of the in- 


duced voltage across an inductor is always 
such as to oppose the change of current 
through the inductor. 

That is, the polarity of the badneee 
voltage cannot be determined from the 
. direction of flow of current alone, but also 
depends on whether the current is increas- 
ing or decreasing. With the direction of 
flow of current as in Figure 3a, if the cur- 
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_ pressed voltage. 


rent is increasing the polarity of the in- 
duced voltage will be as shown in Figure 
3b; if the current is decreasing the polar- 
ity will be as shown in Figure 3c; if the 
current is not changing there will be no 
induced voltage. The induced voltage is 
always equal and opposite to the im-. 


2.33. In an inductor, the impressed voltage 
and the current have the following relation: 
dt 
SES pos 
away 
From this fundamental equation sev- 
eral useful conclusions can be drawn con- 
cerning the relation between the im- 
pressed voltage and the current of an 
inductor. : 


2.331. The slope of the current (di/dt in am- 
peres per second) at any point equals the in- 
ductor voltage (volts) divided by the induct- 
ance (LZ henrys).. 

2.332. The current is either a maximum ora 
minimum when the inductor voltage is aoe 
to zero. 

Proof: i=maximum or minimum when 
di/dt=0, that is, when e, =0 ; 


In Figure 4, the currents at to, ts, ho, Ha 


are maxima; the currents at ta, fs, hi are 
minima. The voltages corresponding to 
these currents are equal to zero.. 


2.333. The current has a point of inflection 
when the voltage is either a maximum or as 
minimum. : 
Proof: 
the slope at that point must be either a maxi- 
mum or a minimum. 


In Figure 4, the current has a point of 
inflection at ti, ts, ts, t7, ts, ti, hs and the in- 


ductance voltage has either ‘a maximum or 


a minimum at these points. 


2.334, The change of current from a value ; 


i, at a time f, to a value % at a time / is equal 
to the time integration of the inductance 
voltage between ¢, and fz (expressed in volt- 


seconds) divided by the inductance (ex- - 


pressed in henrys). 


In Figure 4, the difference between. the 
currents at 4. and at és, that is, 7% — %, is 
equal to 


1 
‘ (—A2+As) 


2.3341. The current at any instant f is 
equal to the time integration of the voltage 
divided by the inductance if the current 
equals zero at t;. 


Proof: 


ta F 
= yf e,dt because 7, =0 
th 


Chin, Moyer—Controlled Rectifier Circuits 


current at fz, the time integration of th 
age during the interval between h ae 


my be 5 hs io p Wa a 
= ve edt =t2— i =0 | a 
L wn : a. 


If ¢, =maximum or minimum, then — 


1 Me, oa ee A 
OP 


al | at ey 


A, 
Ted Figure 4, 1g= =i since = =0. 


2: 3342. If the. current at ty is Sian a 


must be equal to zero. 


Proof: if% hi =, then’ 


In Figure 4, if z10 =hy then A, =AG 


(no side chae of b Bess if there t is” 
sudden change of voltage. The current 
wave is not a smooth curve, (sudden of voll F 

of slope) if ies, isa sudden change of volt- 
age. a a 


The current wave of Figure 4 is a 
smooth curve since there is no sudd 
change of voltage. The current wav 
Figure 5 is not a smooth curve since there ~ 
is a ‘sudden change of bars at fs, a: a 


~ 


‘ 


Stenaue Rais: 
A pure capacitor cannot dissipate energy. i 


_ Energy can be stored in ae a ‘ 


Figure 2. Voltage and ‘current wave forms. 
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Significant Features of Wave Forms of Figure 2 With Respect to Each Circuit Element 


Figure > Tube » L R Transformer 
4 Peak current : 
AN Wrest as ars Averageicurrent’ (. 2 54.... Average current. . R 
foe Me eee \ -...Rms current....... Rms current 
; change of current 
ZUNE SE NPE 108 a UD a RT Se Ae Average voltage output (actually L 
and Rare inseparably combined as 
“ t in coil) 
be Sa ee ee { Peak inverse voltage con- 
y duction period 
3a SAS Cpa eUe Ot CIE ONE Ae TE ec ee eee Peak voltage 
(25 1G.y ci ae PO oan CO ORIOL Cc AIEICLO 2) CIA CICOSIEIOIS ERIC Teena gee rar Same as Fig- 
, ure 2a plot- 
ted in terms 
of 1R drop 


capacitance is in farads and the potential 
in volts according to the relation: | 


Energy =!/2Ceg? 


Thus, in a given capacitance of C far- 
ads, the square of the voltage at any in- 
stant is a measure of the energy stored 
therein. . 


2.41. The energy stored in a capacitor can- 
not be changed instantaneously; therefore, 
“the potential across the capacitor cannot be 
changed instantaneously. 
The current ‘‘through” a capacitor can be 
changed instantaneously (a change of cur- 
rent is not a change of energy). ~ 


2.42. The direction of flow of current in a 
‘capacitor cannot be determined from the 
polarity of the voltage across the capacitor 
alone, but also depends on whether the volt- 
age is increasing or decreasing. 

The voltage across the capacitor always 
changes in such a way as to oppose the flow 
of current through the capacitor. There- 
fore, in Figure 6b the current flows from “‘2” 
to “1” if the voltage is increasing; current 
flows from “1” to “2” if the voltage is de- 
creasing; if the voltage is not changing there 
will be no current flow. 


2.48. In a capacitor, the voltage and the 
current have the following relation: 


From this fundamental equation sev- 
eral useful conclusions can be drawn con- 
cerning the relation between the voltage 
and the current of a capacitor. 


2.431. The slope of the voltage (de¢/dt, in 
volts per second) at any point equals the 
capacitor current (amperes) divided by the 
capacitance (C farads). 


2.432. The voltage is either a maximum ora 
minimum when the current is equal to zero. 


Proof: ec=maximum os minimum when 
peels =0, that is, when z= 

In Figure 8, the voltage éci at th is a 
maximum and the current 7; at 4; is equal 
to zero. 
2.433. The voltage has a point of inflection 


when the current is either a maximum or a 
minimum. 
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Proof: If i=maximum or minimum, then 
the slope of the voltage must be either a 
maximum or a minimum. 


In Figure 7, the voltage wave at th, ts, ty, 
to has a point of inflection when the cur- 
rent has maximum values at these corre- 
sponding instants. 


2.434, The change of voltage Bon a value 
é, at a time 4, to a value e2 at a time te is 
equal to the time integration of the capaci- 
tance current between f and é (expressed in 
ampere-seconds, or coulombs) divided by the 
capacitance (expressed in farads). 


pees 


fe deo=* oh, “* 
dens sy 
eck C fe ee ee 


E 
OW 
———t | 


Te egeeen (b) 
<-- #-0 ©) 
Figure 3. Determination of the polarity of the 


induced voltage in an inductor 


i-CURRENT 


| al tS 
Bea 
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In Figure 8, the difference between the 
voltages at fp and at fs, that is, ¢¢;— eco, is 
‘equal to 


ee 
cht 1— Ag) 


2.4341. The voltage at any instant & is 
equal to the time integration of the current 
divided by the capacitance if the voltage 
equals zero at h. 


Proof: ¥ 
1" 
eo. — ea = C if t di=€¢e 
X th ’ 
because ec, =0. 


: Ag 
In Figure 7, eg = z since égo>=0. 


| 2.4342. If the voltage at t, is equal to the 


voltage at é, the time integration of the cur- 
rent during the interval between 4 and t 
must be equal to zero. 


Proof: if eq =e, then 


tg 
ie 1 dt=ee,—eg, =0. 
t . 


In Figure 8, if eg¢;=ec, then As=Ag. 


2.485. The voltage wave is a smooth curve 
(no sudden change of slope) if there is no 
sudden change of current. The voltage 
wave is not a smooth curve (sudden change 
of slope) if there is a sudden change of cur- 
rent. ; 


The voltage wave of Figure 7 is a 
smooth curve since’ there is no sudden — 
change of current. The voltage wave of 
Figure 8 is not a smooth curve since there 
is a sudden change of current at fo, és, ts. 


2.5. THe ReEcTIFYING ELEMENT—ITS 
VOLTAGE-CURRENT RELATIONS 


The rectifying element considered 
throughout this discussion is of the gase-_ 
ous-discharge type—the pare e or the 
ignitron. 


Figure 4 (below). Graphs showing the 
relation between the voltage across and the 
current through an inductor 


18 3 tl4 | 
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GURRENT 


SUDDEN CHANGE|/OF VOLTAGE 


2.51. Before the tube fires and before the 
» current begins to flow, the tube acts as an 
MAY oped switch. 


‘ ae It is assumed that the striking voltage 
bs ‘ at which gaseous conduction begins is the 
_are-drop voltage (actually, the striking 
voltage may be more than are-drop volt- 
__age,? say two or three times arc drop volt- 
age). That is, it is assumed that gaseous 
_* conduction (as distinguished from elec- 
tron space current before ionization oc- 
Lac curs) begins as soon as the anode is posi- 
___ tive with respect to the cathode by an 
_ amount equal to the are drop. 
y 
Ae eee and tube characteristic. 
- discussion, the manner of controlling the 


‘firing point is incidental; only the results 
of the controlled tube as a circuit element 


es 


are considered. 
2.52. ‘After the tube fires, the voltage across 
the tube ‘is its are drop which is practically 
independent of current. In this discussion, 
the are drop during conduction is assumed 
to be constant.‘ 


After the tube fires, the current through 
the tube is limited only by the combina- 
tion of circuit elements in series with the 
tube, including any counter electromotive 
forces. 


2.58. The voltage across the tube is equal | 


to the voltage across the transformer minus 
the voltage across the load. 


_ 2.54. The gaseous discharge current through 
the tube ceases when the circuit causes the 
voltage across the tube to become less than 
the tube’s arc drop. (Inignitron tubes with- 

out holding-anodes, the anode current ceases 
when the current falls below a certain mini- 
mum value necessary to maintain the cath- 
ode spot.) . 
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Ina thyratron, the actual firing point® . 
is dependent upon anode voltage, grid 
In this ~ 


‘ Figure 5. 
between the voltage 


inductor (sudden 


Figure 6 (below). 
Determination of the 


flow in a capacitor 


: e 
dies 


SUDDEN GHANGE 


2.6. THE Loap—Its VoLTAGE-CURRENT 
RELATIONS: 


The load is a combination of R GC with or 
without a counter electromotive force. 


2.61. The voltage across the load, when, a 
tube is conducting, follows the supply-volt- 
age wave-form (minus are drop). 


Figure 7. Geng 
showing the relation 
between the voltage 
and the current in a 
capacitor (no sudden 
change of current) 


Figure 8 (below). 

.Graphs showing the 

relation between the 

voltage and current 
in a capacitor 


\ 


to... tite 


Chin, Moyer—Controlled Rectifier Circuits 


Gisphe 
_ showing the relation — 


and current in an 


change of voltage) 


direction of current | 


F ge force or ivaptiltell ae nate i 


' tive and negative areas of voltage must 


Principle 2.3342. 


eet 


- tively. 


_ wave, controlled rectifier, fired at 60 degre 


The voltage across the | 
tube i is conducting, iepends on u : 


This is shown in Bias 9a, b, and 


2.63. ne relation Peeters voltage 
spbrome ats wave ek of the curren 
relation to the voltage, can be sketched 7 
the application of these principles. 


3. Examples 


3.1. The pure inductance of L henrys ( 
resistance) supplied from a single-tube 


and having a peak anode voltage of Ep;volts 
This circuit is shown in Fi igure 10k. 


PROCEDURE 
3.11. Sketch in the sine wave of seconda r 
voltage é, as in Figure 10a. 


3.12. Then, the extinction point ot the ea 
rent will be 360—60 degrees since equal “ 


pear across the inductor whose current be- 
gins at zero and ends at zero. Figure 10k eB 


; ¢ 
3:18. Draw the voltage wave across the - 
inductor. Figure 10c. Principle 2.6:." 279 
3.14. Sketch the inverse voltage of the 


This is the transformer voltage minus : 
tor voltage. Figure 10d. Principle 2. 58." 


3. 15. Determine the initial slope of 
current wave. Principle 2.33. 

This may be done graphically by con- i 
structing a right- angle — whose verti- 


By "Las a 
a 


to | tie Of 
7 O 


POINT OF 
INFLECTION 


iN NECTION 


a ae 


mm 


ELecraican ENGINEERING - 


en 


, ~~. 
Pee i 


mn 
eal side is the voltage at this instant and 
whose horizontal side is L. Choose a con- 
venient length for L, what length merely: de- 
termines the scale of the current curve. 
Figure 10e. Principle 2.331. 


"3.16. Determine the final slope of the cur- 
rent wave in the same manner as for the 
initial slope. Figure 10e.* Principle 2.331. 


3.17. Determine the peak value of the cur- 
_ rent wave (principle 2.3341) which occurs at 
the 180-degree point (principle 2.332) by 
calculating or estimating (for example, 
counting squares) the area underneath the 
positive half cycle of inductor voltage and 
dividing this area by the inductance. Fig- 
ure 10f. 


3.18. If necessary, additional points for the 
curve can be obtained by estimating the 
area up to a given point and dividing by L. 
Figure 10gandh. Principle 2.334. 


3.19. The effect of arc drop can be deter- 
mined from principle 2.52 by subtracting 
volts of are drop from the inductor voltage. 
Figure 10i. 

-The peak current now occurs before the 
180-degree point and this,current wave is 


unsymmetrical, that is, the final slope differs 


from the initial slope. Figure 10j. 

3.191. Figure 101, m, and n show the voltage 
and current wave forms of a pure inductance 
_ supplied by a single-tube half-wave rectifier 
fired at different points. 


3.2. An inductance of L henrys and a re- 
sistance of R ohms in series supplied from a 


'single-tube half-wave controlled rectifier,’ 


fired at 60-degrees and having a peak anode 
voltage of E,,, volts. This is the circuit of 
Figure 11h. ; 


PROCEDURET ~ 
3.21. Sketch in the sine wave of secondary 
voltage e; as in Figure lla. 


8.22. Find the initial slope of the TRovolt- 
age wave (which is proportional to the cur- 
rent). Principle 2.331. In this instance, the 
slope is constructed from the right-angle tri- 
angle whose vertical height is Z,,, volts and 
whose horizontal length is L/R seconds. fis 
ure 11b. 


3.23. Assume.a peak value of IR voltage 
which peak value will fall along the positive-. 
-decaying-portion of the inductor voltage 
wave. Sketch in the JR-voltage wave, 
roughly. Its slope will be horizontal at the 
point of crossing the inductor voitage wave. 
Figure ile. Principle 2.332. 


3.24. Measure the area between the induc- 


tor-voltage curve and the /R-voltage curve. 
‘Divide this area (volt-seconds) by the time 


constant L/R (seconds) to determine the | 


peak value of JR. If this calculated value of 


IR does not agree closely with the assumed — 


value of 3.23 repeat 3.23 and 3.24 with a 
more accurate value until the value chosen 
in 3.23 and the value calculated in 3.24 agree 
closely. Figure lld. Principle 2.334. 


3.25. Find the extinction point by assum- 
ing a point such that the negative voltage 


* In Figure 10e, the value of L was taken to be so 
many units of length. Each square of area is volt- 
tage height times a base width, so, the division of 
total squares of area by base divisions of L will 
give a measure of current. 


+ In the sketches which follow, the current is 
proportional to JR drop and is sketched in terms of 
IR drop. 


JULy 1944, VoLumE 63 


area between the JR curve and the ée, curve 
equals the positive area of 3.24. Figure 1le. 
Principle 2.3342. 

If the first assumption is not correct, re- 
peat with more accurate values until the 
areas are equal. 


3.26. If more accuracy is required, inter- 
mediate points can be drawn as shown in 
Figure 11f and g. 


3.27. The inverse voltage across the tube 


can be drawn as in 3.14. 


' 3.28. The effect of tube drop can be shown 


by subtracting arc drop from the inductor- 


_ voltage wave as in paragraph 3.19, then re- 


estimating the areas based on the new induc- 
tor-voltage wave. 


3.3. The Z-R load with counter electromo- 
tive force. Supplied from a two-tube bi- 
phase half-wave controlled rectifier, fired at 


60 degrees and having an anode-to-neutral 


voltage of Eps, volts. This circuit is shown 


in Figure 12g. 


3.31. Sketch the transformer-voltage waves 
égi and és, and draw in the counter-electro- 
motive force voltage to the same scale as in 
Figure 12a. 


3.32. Test for current continuity as follows: 


3.321. If the current is continuous, the 
total load voltage should be like that of 
Figure 12b. 
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Find the average value of this voltage 
wave. This average will be a value which 
will give equal positive and negative shaded 
areas, as shown. 

_ For current to be continuous, the end of 
the negative shaded area should coincide 
with the beginning of the successive positive 
area. 

If the counter electromotive force is higher 
than this average voltage level, continuous 
current will be impossible. This is shown in 
Figure 12f. 


CONDUCTION 


eee) 


Aye 
Ete 


NON CONDUCTION 


Figure 9. Voltage across the load — 


3.322. If the current is discontinuous, the 
total load voltage should look like that of 
Figure 12f which has very definite regions of 
zero current when the output voltage is the 
counter electromotive force. Principle 2.62. 
The average value of this voltage wave 
will be found to be higher than the counter- 
electromotive force level. : 


3.83. ‘ Assuming the discontinuous current 
case of paragraph 3.322, draw the trans- 
former voltage waves and the counter elec- 
tromotive force as in Figure 12a, 


3.331. Draw the initial slope of the /R volt- 
age wave asin Figure 12c. 


3.832. Assume a peak value of the JR volt- 
age wave. This peak value will fall along the 
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‘* 


- Figure 10a-j. Construction of the voltage and 

current wave forms of a pure inductance sup- 

mallee by a single-phase half-wave controlled 
Tico} rectifier 


decaying positive half cycle of the trans- 
_ former-voltage wave and will have zero slope 
at the point of crossing this voltage wave. 
Sketch in the IR yenere. wave as in Figure 
‘12d. 


3.333. Measure the area of inductor volt- 
_ ageand divide by L/R to determine the peak 
value of [R.voltage at this point. If this cal- 


culated value of 7R does not agree with the . 


assumed value of 3.332, repeat 3.332 and 
3.333 using an assumed value which is more 
accurate. Figure 12d. 


3.834. Determine the extinction point of 
the TR voltage wave. This point will lie on 


eL 


Ve 


Figure 10k. Circuit diagram of a single-phase 


half-wave controlled rectifier supplying a 
‘purely inductive load 
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the counter electromotive force line such 
that the negative inductor-voltage area will 
equal the positive inductor-voltage area as 
in Figure 12e. 

If the first assumption of the extinction 
point is not sufficiently accurate, repeat 
with a more accurate value. © 


Chin, Moyer—Controlled Rectifier Circuits 


points can be determined as in pa 


_ be found as in paragraph 3.19. 


- 3.84. Assuming the continuous-current cz 


across the load, and the counter electromo 


3.843: Assume a peak value of IR voltage _ 


ure 13b and c. 


Figure 10l—n. 


3.26. 


wave as a heise the triangle (ed se é; a 
L/R. 


3.836. If desired, the effect of tube drop c 


3.337. The tube inverse voltage can be 
found as in paragraph 3.14. : 
3.338. Find the average output voltage b 


averaging the counter electromotive force 
plus the JR drop. 


of paragraph 3.321, draw the. transf 
voltage waves, the firing point and c 
sponding average voltage line, the voltage 


tive force line as in Figure 18a. 


3.341. Construct the JR drop about th 
average voltage line. This is done by 
suming an initial value of I. R eaten ae 


counter ‘electtomotive tite line. This ni: 
tial IR drop is therefore negative with | 
spect to the average voltage line (that is, 
low the average voltage line) but posit: 
with respect to the counter electromoti 
force line (that is, above the counter electro- 
motive force line). 
3.342. Draw the initial slope of the IR ‘volt 


age wave based on this assumed initial value 
of TR drop. Figure 13b. 


which will fall along the positive-decaying 
portion of the transformer voltage wave and 
will have zero slope at the point of crossing 
this voltage wave. ; 

Sketch in the JR voltage wave as i in Fig- 


3.344. Measure the area of induces votes 
age. Divide this area, A: in Figure 13d, by 


Voltage and current wave 
forms of a single-phase half-wave rectifier 
supplying a pure inductance firing at different 
points — 


ee 


POSITIVE AREA- 
EQUAL TO 
EGATIVE AREA 


L/R seconds to obtain the increased value of 
TRatthisinstant. The increased value of 
IR is measured from the level of the initial 
value. 

If this estimated value of ZR does not 
agree with the assumed value of paragraph 
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Figure 11. Construction of the 
voltage and current wave forms 
of an L-R ijioad supplied by 
a single-phase half-wave con- 
trolled rectifier 


Figure 12. Construction of the 

' voltage and current wave forms 
of L,R,andE,;inseriessupplied 
by a biphase half-wave con- 
trolled rectifier (discontinuous 


POINT OF 
INFLECTIO 


3.343, repeat the operation of paragraph 
3.343 with a more accurate value. : 


8.345. The extinction point of JR drop must 
coincide with the initial value of /R drop as _ 


in paragraph 3.341. 
_ Check that the positive and negative in- 


CONDUCTION 


current) 
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Figure 13. Construction of the voltage and current wave forms of L7 
R, and E, in series suppli 


ed by a biphase half-wave controlled rectifie® 
(continuous current) 


ductor-voltage areas are equal as in Figure 
13d. Make repeated tries until sufficient 
correspondence is achieved. : 


3.346. Check the final slope of the [R curve 
by dividing the final 7R drop by L/R. 


3.347. Asa check, the average value of the 


counter electromotive force plus JR drop 
should equal the average output voltage of 
the rectifier when fired at the assumed 60-de- 
gree point. : 


CURRENT 
(TUBE 1) 


TIME 


Figure 14. Construction of 
the voltage and current wave 
forms of R-C in series supplied 
by a biphase half-wave rectifier 
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4 
‘ 


\ 


3.348. Asanother check, the JR drop should 
have equal areas about the average voltage 
line. 


3.349. The effect of tube drop can be con- 
‘sidered as in paragraph 3.19. 
_ Tube inverse voltage can be found as in 
Figure 13e. ; 
Note the double inverse voltage wave 
_ form. 
Tube current is shown in Figure 13f. 


3.4. A capacitor of C farads in series with a 
resistor of R ohms and supplied from a two- 
tube bi-phase half-wave rectifier whose 
ee peak anode voltage is Eps, volts. This cir- 
cuit is shown in Figure 14c. 

Figure 14a shows the transient build-up 
on. of voltage across the capacitor when started 
_ from an initial, discharged condition. 
3.41. Sketch the positive half-cycles of 

_ transformer voltages as in Figure 14a. 


\ 3.42. The initial slope of the voltage is zero 
since the initial current is zero. Principle 
2.431, 


By “stage aseande. a capacitor voltage at the 


ad 4, and sketch in the capacitor voltage wave. 


Nee ae 

pe: 3.44. Measure the area corresponding to the 
pee tine. integration of JR voltage. Divide 
Mb, this area (expressed in volt-seconds) by the 


He Ls time constant RC (expressed in seconds) to 
determine the capacitor voltage at fh. It 
should check with the value asstimed in 

é _ paragraph 3.43; if not, repeat the procedure 
with a more accurate value in paragraph 

ay 3 A3. 

a For more accurate results, a few inter- 

=< ‘mediate points can be estimated by integrat- 
_ ing the I. R drop only up to these points. 


tube 2 will not begin to conduct until és is 
~ equal to éq. Starting from f#, tube 2 will 

conduct. Assttme a new increase of capaci- 
_tor voltage as in paragraph 3.43 and repeat 

one procedure outlined in paragraph 3.44. 
Bs The build-up of capacitor voltage during 
_~ the successive four half-cycles are shown in 
the third half-cycle of Figure 14a with, the 
ye voltage wave superimposed | on the same 


Ss ib; half-cycle. | 


3. 46. The current wave forms can be drawn 
.: from Figure l4a as in Figure 14b. 


Shee 


/ 28 exaclusions 


a - A. The ability of preaicene the enlekge dud 
“6 d current wave forms at different parts of con- 
_ trolled rectifier circuits is essential to a bet- 
Pater understanding of these circuits. 
a B. By understanding a few basic relation- 
Bat. ships between the voltage and the current 
va) through the circuit elements—L, R, C, tube, 
4 and counter electromotive force—the volt- 
ot 


age and current wave forms can be construc- 
+ ted graphically to a fairly accurate degree. 
 €. It is the intention of this paper to stimu- 


late the general interest so that a more . 


rigorous treatment of the controlled rectifier 
; _ circuits will be made. 


is ‘Appendix. 
Nomenclature 
VOLTAGE 


ey —instantaneous voltage on the secondary 
7 side of the anode transformer 
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end of the first | half- cycle of conduction at 


aye 45. At t tube 1 ceases to conduct and | 


¥ 


- Design oF Viarice Transformers 


OST textbooks on transformers men- 
tion in a few concluding paragraphs 
that for certain applications special trans- 
formers can be used to good advantage. 
Foremost among these is the autotrans- 
former which offers very important ad- 
vantages if the ratio of input to output 
voltage is close to unity. Other special 
transformers mentioned are small instru- 
ment transformers, constant-current 
transformers, and voltage regulators. 
Voltage regulators are ordinarily divided 
into several groups: the automatic mag- 
netic-flux-type regulator without moving 

parts, the induction regulator with one of © 
its windings mounted so that it can be 
turned into different positions with re- 

spect to the other windings, and the tap- 
changing type, which requires special pre- 
cautions if voltage has to le changed 

under load. 

In power-distribution systems, a cer- 
tain amount of flexibility is required to 
provide constant voltage to the ultimate 
consumer regardless of his distance from — 

“the station and regardless of load, and 
some feeder lines are connected to indi- 
vidual hand-operated or automatic regu- 
lators. The regulators are ordinarily tap- 
changing autotransformers or boosters, or 
they are induction regulators. While 


Paper 44-87, recommended by the AIEE committee 
on electrical machinery for presentation at the AIEFE 
North Eastern District technical meeting, Boston, 
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EpUARD KARPLUS is davelegtustt and design engi- 
neer, General Radio Company, Cambridge, Mass. 


The analysis of optimum contact resistance in the 
equivalent contact circuit has been contributed by 
Doctor W. N. Tuttle. 


_EDUARD KARPEUS Seen 


"MEMBER AIEE 


“have been manufactured for these appli- — 


’ amperes. 


Cambridge, Mass., 


transformer provides ‘ 
‘The basic principle is that of a tap- — 
changing mechanism is the essential part — 


_ this mechanism is responsible for its suc- _ 


core. 


el 


cations by practically every one of the — 
large transformer companies, smaller — 
units have not been available until 
cently. It is the et of this ae 


able egies Fain \ hicteastat 
introduced in 1933, it found immediate — 
acceptance. Today close to one iliag : 
transformers of this type are in use. They’ | 
are available from several manufacturers: 
with ratings from 100 to 40,000 volt-— 
Three transformers, as manu- — 
factured by General Radio ‘Company, 
are shown in Figures — 


1-3. 
erage a ae a 


As the name Variac implies, the siehe 
‘variable a-c volt-— , 
age’ when connected to a power line. 


changing autotransformer. The tap- 


of this transformer and the simplicity of 


cess. The “taps” are‘formed by exposed — 
parts of the winding that is applied in a 
single layer over a toroidally sane 4 
The number of taps is the same as” 
the number of turns of the transformer. 
Rotation of the control shaft causes a con- 
tact to traverse these turns and to tap ‘off. 
any desired part of the winding. The. 
turns are closely spaced and the contact — 
is wide enough to engage at least. one turn 


Py 
' 
Eys—peak value-of the voltage. on the 
secondary side of the anode transformer © 
é€g—instantaneous voltage across a resistor 
e,—instantaneous voltage across an inductor 
éo—instantaneous voltage across a capacitor 
ep—instantaneous voltage across the recti- 
fier 73 : ie 
éq—instantaneous voltage across the load 
E,—battery voltage or counter electromo- 
tive force Die aa | 
epg —peak forward voltage 


CURRENT 


ig—instantaneous current through the load 
ig—instantaneous current through the recti- 
fier 
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(4) —initial rate of change of current i 


+ ae oe _ 


— a © 


‘S 


s 
> . 
——— 


—— a 


‘ 


di : 
(2) —final rate of change of current 
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a : 
ihe at a times. It is acne 4 therefore, ‘to 
move the contact under load without 
_ interrupting the circuit. To engage at 
least one turn at all times, the contact 
_ must be wider than the spacing between 
_ turns and it follows that turns can be 

short-circuited by the contact. To pre- 

_ vent damage to the winding, the contact is 

made of resistive material that limits the 

circulating current in the short-circuited 
turn, Since the load current has to flow 
through the contact, the resistance is kept 
as. low as possible. The problem en- 
countered is very similar to the problem 
of commutation in generators or motors, 
_and the materials used for the contact are 
the same that are used in the familiar car- 
bon brushes of rotating machines, The 

Variac transformer is designed to stand 

indefinitely the additional heat produced 

in the short-circuited turn and no attempt 
is made to prevent the contact from rest- 
ing between turms.. On the contrary, 
short-circuiting turns is one of the impor- 

_ tant advantages of the Variac, as it affords 

a gradual change from one tap tothe other. 

Ordinarily, the voltage-per-turn is be- 
tween one-half volt and one volt. 


1 


vom 
at 
The advantages of the variable-ratio 
autotransformer over rheostats and other 
kinds of voltage-control devices are high 
_ efficiency, good regulation, and linear 


, 
. 


smooth control from zero to above “tine: 


voltage. Mechanically the transformer is 
small in size and simple i in construction. 
In industrial control and in experi- 
mental problems in the laboratory, 
_ Variacs are used wherever alternating 
voltages must be adjusted, and by means 
of voltages, other quantities such as speed, 
heat, or light. -Typical applications are 
_ speed control of motors, heat control of 
_ electric furnaces or heaters in a labora- 
4 tory, illumination control in small thea- 
_ ters or dark rooms, output voltage control 
of high-voltage transformers and recti- 
fier systems, filament control for radio- 
transmitter tubes, and voltage control for 


- electrical or magnetic testing, calibra-— 


tion, and measurement, — 


: Contact Problems 


As mentioned before, the transformer 
~ uses a carbon brush, called the contact, to 
- connect the load to the individual tutns of 

the winding. Resistance characteristics, 
mechanical design, and thermal properties 


. a 


proper operation of the transformer. A 
schematic drawing of the Variac together 


with a detailed view of the contact is — 
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a 


of the contact are most important for. 


trans- 


170-volt-ampere Variac 
former assembled for back-of-panel mounting 


Figure 1. 


shown in Figure 4. The width of the con- 
tact is such that in sliding over the wind- 
ing, one turn can be short-circuited but 


not two. The contact is represented as a. 


block, connecting points 1 and 2 onsucces- 
sive turns of the winding to point 3 on the 
contact holder. The three-terminal block 
can be represented by an equivalent cir- 
cuit of three resistors, Ri, Ry, R3, between 
the points 1, 2, and 3 as shown in Figure 5. 
This equivalent circuit has been found 
useful in the following analysis of opti- 
mum contact design, but it should be 


understood that the contact resistance be- 
tween a carbon brush and a metallic sur- . _ 


face varies with the current passing 
through the surface and that the resist- 
ance of the carbon brush itself depends to 
a large degree on current density. Al- 
though the behavior of carbon brushes is 


not very well understood, they have been 


used for many purposes with great success 
for a long time and can be manufactured 
to close specifications. Experimental 


data show that the resistance of a carbon _ 
brush varies with the current passing 


through it in a way to maintain a sub- 
stantially constant voltage drop. This 
voltage drop varies with the composition 
of the carbon and with the pressure ap- 
plied and is used by brush manufacturers 
in the rating of their product. A typical 
current-voltage characteristic of a carbon 
brush is shown in Figure 6. It is reason- 
able to expect that a definite relation be- 
tween this voltage drop and the voltage- 
per-turn of the Variac transformer has 
to be maintained to prevent excessive 
heating of the short-circuited turn and of 
the contact. 

To show this relation, it is convenient . 
to use the equivalent circuit shown in 
Figure 5. It can be seen that resistance 
R; is not included in the circuit of the 
short-circuited turn. Since it does not 
serve any useful purpose, it can be re- 
duced to a small value by proper design 
of the contact holder and could be con- 
sidered as part of the load resistance Ry. 
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Figure 2. An 860-volt-ampere Variac trans- 


former for laboratory use i 


Figure 3. A five-kilovolt ampere ee 
PT¥s 


transformer 3 te 


The resistance of one turn of the witicieeaa ? 
R, is made as low as possible in accord-_ ' 
ance with transformer design practice, — 
The resistances R; and R2, therefore, have 


to be relied on to keep the circulating 


current in the short-circuited turn below 
a'value that might damage the trans- . 
- former or overheat the contact. This cir- a 
culating current is shown as J) in Figure ee 
and the load current as Jy. T he voltage- ; 
per-turn between points 1 and 2 is @. — 
To simplify the following analysis of op- 
timum contact design, Figure 5 is drawn _ 
as a section of a two-circuit transformer — 


_ rather than of an autotransformer, and 
the current in the winding preceding the _ 


short-circuited turn is the same as the — 
load current. It is further assumed that. 
the contact is symmetrically located with ' 
respect to the two points 1 and 2, but R, 
is not necessarily the same as Ro, since the 
current flowing through these two points 
will not be the same. In an autotrans-— 
former the current in the winding would 
be different from the load current, but the 
contact problem would be exactly the 
same. al Fs 
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Figure 4. Schematic diagram of Variac trans- 
former and contact 


Figure 5. Equivalent circuit 
of short-circuited turn and 
contact 


The problem of optimum contact design 
for a transformer of a given voltage-per- 
turn ¢ and given maximum load current 
I, is reduced to the problem now, of find- 
ing those values of R, and R, for which the 
energy loss is a minimum. It must be 
remembered, of course, that both R, and 
R, are the equivalent resistances of a single 
piece of carbon material and that they 
cannot be chosen independently of each 
other. The obvious suggestion, therefore, 
of making R, zero and R, infinite cannot 
be realized in a Variac transformer. It is 
a perfectly good solution and is used in 
tap-changing transformers of conven- 


tional design. 


The energy loss in the two resistances 


according to Figure 2 is 
| W=Rile?+Raa—1)? (1) 
and since ; 
Rilo=Ro(I2—Io)+e (2) 
eo? RR 
W= 2 3 
R+R ‘ Rit+Rz 8) 


The first term is seen to be the dissipation 


due to the voltage between adjacent turns 
_ acting across the two brush resistances in 


series. The second term is due to the load 
current flowing through the two resist- 
ances in parallel. The resistances R; and 
R, correspond to the currents Jy and 
I,—Ip. If these resistances were con- 
stant and independent of current, the first 
term would be the no-load brush dissipa- 
tion. If the ratio of the two resistances 
is called n? © 


Re = n*R, (4) 


_and substitution of equation 4 in equation 
3 yields | 
0” n? y 
Ry 5 
WO GbRE bw | ©) 
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_ mum total loss. 


Setting the derivative of W with respect 
to R, in equation 5 to zero, the value of 
R, is obtained for which the contact loss 
is a minimum. ; 
€0 oe 
Sas (6) 
, Ion i 

The combination of equations 4 and 6 
gives a resistance value Ry which might 
be called the optimum contact resistance. 


Ro=VRiRe= 7, (7). 


If the two brush resistances are equal, 
they should have the value Ry for mini- 
If they are unequal, their 
geometric mean should have that value. 


VOLTAGE DROP 


8 
BRUSH “CURRENT 


Figure 6. Current—voltage characteristic of a 
carbon contact 
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Figure 7. Plot of a function similar to that 
. used in equation 11 


nN 


- 


- 


To find out how much the contact loss 
is increased if the geometric mean of the 
two resistances deviates from Ro, a second 
parameter is introduced 


yas 

WV RR: =nRy=k- (8) 
I, 

and by substituting equation 8in equation 

5, the energy loss is found to be 


” 


n .1+h? 
1l+n? k 


If the two resistances R, and R; are equal 


and have the optimum value, both m and 
‘k are 1 and the energy loss may be called 


Wo. 


Wo=eol2 (10) 


It follows that in the general case, if R, 


and R, have arbitrary values 


2n 1+? 


(11) 
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- (9) 


can be seen that the eee ieee 
creased by 25 per cent, for instance, 


ances is double or is one-half of the 
timum value, and that this increase of 
can be compensated by making one of 
resistances four times as large as the ot 
It is apparent that to reduce the ener 
loss considerably below Wo, very hig! 
‘ratios of brush resistance values are ES 
quired. The two factors in equation 11 
tend to offset each other and consequently P 
the geometric mean resistance must ‘ 
held closely to the correct value. 
Returning now again to Figure 5, it can 
be deduced without any computation that 
the energy loss Wo=éo Ie is obtained, if 
the voltage across R, equals e. In that 
case, the voltage across R, is zero. The 
- full-load current J; flows through R; and. 
the current in the short-circuited turn 
equals the load current. This condition 
is expressed by en) 


I,=I, , 
Ril = eo. , ah : 


(12) 
(13) 


Substituting equation 13 in equation 3, it. 
is seen that 


=Cyl> 


independent of Ro. 

That a relation of this kind petweens the 
voltage per turn of a Variac transformer 
and the voltage drop in the contact would 

have to be maintained was suggested at 
the beginning of this analysis. It is ap- 
parent now that if the voltage drop i in the © 
contact equals the voltage per turn, the 
contact resistance is the optimum value 
according to equation 7, and the contact 
loss equals load current times Toutes per 
turn. 

Although it is ene ‘according to 
equation 11, further to decrease the con- 
tact loss if the two contact resistances R; 
and R, could be chosen at will, and could 
be maintained in the proper relation as 
the contact moves from one turn to the 
other, it has been found in practice that 
materials with the required characteristic 
are not available. As a matter of fact, it 
is often difficult to find a material that 
will fit the simple relation of equation 13 
where resistance or voltage drop is speci- 
fied for a single value of current. 

If the maximum load current of a par- 
ticular transformer is used to determine 
the optimum contact resistance in accord- 
ance with equation 13, the contact loss 
will be smaller than W from equation 14 
for any other load current, and will be less’ 
than one-half this value for no-load con- 
dition. Under no load the short-circuit — 


~3 


(14) 


ee AY SII eR NES 


ELECTRICAL ENGINEERING — 
, ‘ a 


current must flow through R, and R, in 
series, and each one will be larger than R, 
from equation 13. This follows from the 
current-voltage characteristic of the ma- 
terial used, which will always have the 
general shape shown in Figure 6. The no- 
load short-circuit current, therefore, will 
be less than one-half the maximum load 
current. 


It has been shown in the preceding para- 


graphs that the contact loss is propor- 
tional to the load current and to the volt- 
age-per-turn. If the voltage-per-turn 
were increased, as is usual in larger trans- 
formers, the contact loss would rise 
rapidly and would soon present a serious 
problem. Decreasing the number of turns 
below a definite value is undesirable for 
another reason. If a 200-turn Variac is 
adjusted for 50 per cent output voltage for 
instance, the voltage-per-turn at that par- 


_ ticular point is 1 per cent of output volt- 


age, but in a'100-turn Variac at 10 per 
cent output voltage, it is 10 per cent. It 


is true that the resistance of the Variac 


contact helps to smooth out the steps be- 
tween turns, but it has been found in 
practice that 100 to 200 turns should be 
used, even in large transformers, to main- 
‘tain smooth control at low output volt- 
ages. 

At 100 turns the contact loss of a Variac 
transformer is 1 per cent of output power, 
according to equation 14. Iron and 

- copper losses of the same transformer 
might be an additional 3 per cent. If 
operation of the transformer at rated out- 
' put produces the maximum allowable 
temperature rise of winding and core, 
about an additional one third of the wind- 
ing and core surface is needed to take 
care of the contact loss. The contact loss 
is concentrated in the small contact block 
and good heat conduction between the 
contact block and the cooling surface is 
required. The cooling surface is called 
the radiator. 


Contact Design 


4 Actual design of contact and radiator 

_are closely dependent on the design of core 

and winding, but the basic requirements 
can be stated independently. 

The active surface of the contact should 
be as large as possible to reduce current 
density and to spread the inevitable con- 
tact loss over the largest possible area. 
The width of the contact, shown as C 
in Figure 4, is usually very small, since 
it is determined by the cross section of the 
turns. 
tact surface is related to the cross section 
of the core and depends on the length of 

turn available in the plane that has been 
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The other dimension of the con-: 


chosen for operation of the contact. 
Figure 8 shows three different core cross 
sections. Core ‘‘A” would be best for a 
contact operating on top, and core ‘‘C” 
for a contact on thecircumference. 
transformers ordinarily have banked 
windings. A core of shape “‘A,” for in- 
stance, would be made with the outside 
diameter three times as large as the inside 
diameter. The winding would be applied 
to form a single closely spaced layer of 
turns on the outside, and the turns would 
pile up in three layers on the inside. The 
top surface, then, would not be available 


‘for operation of the contact, except at the 


outside edge. 

Carbon brushes used on rotating ma- 
chines are subjected to considerable wear 
and are made long, to avoid frequent re- 
placements. Variac contacts show very 
little wear and are made as short as pos- 
sible, to reduce losses and to afford better 
heat conduction into the radiator. In 
laboratory tests, contacts show extremely 
small wear in continuous operation. The 
wear seems to be independent of load, and 


‘is about 0.02 inch in one million adjust- 


ment cycles. In actual use, contacts wear 
more rapidly than this figure would in- 
dicate, and it appears that resistance to 
wear is decreased if the contact is allowed 
to rest under load in the same position for 
long periods of time. In any case, Variac 
‘brushes do not ‘‘wear in’ after a few days 
of operation like brushes of rotating ma- 
chines. Their performance can, therefore, 
be made more uniform and more reliable 
if they are subdivided into several inde- 
pendent units. Large Variacs are built 
with six or more contacts operating in 
parallel, but on small transformers, this 
added complication is not always justi- 
fied. é 

Since Variac brushes do not wear in, 
current density and specific pressure vary 
within wide limits, and can hardly be com- 
pared with the values recommended by 


a Biol 7 


Figure 8. Cross section of cores 
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Figure 9. Six-brush contact operating on top 
of transformer 
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Small. 


carbon manufacturers. Current carrying 
capacity and pressure of a given contact 
are best determined in statistical tests on 
the winding surface of the transformer. 


As an example, a 115 volt 5 kva trans- — 


former with 160 turns uses six contacts 
in parallel, each one carrying from five to 
ten amperes and having a spring pressure 
of about ten ounces. The dimensions of 
each one of the six blocks are approxi- 
mately one quarter inch by one quarter 
inch by one quarter inch. These small 
carbon blocks are permanently fastened 


by soldering, or by pressure fit, into larger — 
_ contact holders and form together with — 


them six complete brushes. The brushes, 
in turn, are inserted into six slots of the 
radiator, and are pressed against the wind- 
ing by springs. A schematic view of a six- 
brush contact is shown in Figure 9. The 
advantage of this brush construction, 
compared to the large carbon blocks used - 
in motors and generators, is improved 
heat conduction to the radiator. As a re- 
sult, the temperature of the contact sur- 


face can be kept at a lower value, and — 


damage of the winding insulation is pre- _ 


vented. The radiator absorbs the heat of 


the contact primarily by conduction and © 


transmits it to the surrounding air by 
radiation and convection. The material 


of the radiator is chosen for good heat — 


conduction. Size and’ surface treatment 
determine radiation. 


Convection ctr- — 


rents depend on general shape and areim- _ 


proved by ventilating channels. 

To prevent the metal contact holders — 
from short-circuiting the winding, if a 
carbon contact block should wear or 
break by accident, the travel of the 
brushes within the radiator slots is limited. — 
Electrical connections to the brushes are 
made by flexible leads. 


Contacts for Low-Power 
Transformers 


The discussion of contacts, so far, has 


‘ 


been mostly concerned with large trans- — 


formers where contact losses must be re- 
‘duced to a minimum. If contact losses 


rise rapidly with output. power, it is 


. equally true that they decrease on small 


transformers. On a 200-volt-ampere 
Variac transformer, for instance, with 500 
turns, wound on a three inch-diameter 


core, contact losses according to equation 


14 are 0.4 watt. This small power does 
not present any particular problem but 
the width of the contact would have to be 


under 0.025 inch to make it impossible to ~ 


short-circuit more than one turn at a 
time. A carbon contact of that size 
would not be strong enough, but since the 
contact loss is low, no harm is done by. 
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_ 2 OF RATED CURRENT 


% OF LINE VOLTAGE 


z Figure 10. Output current for constant copper 
loss © 


+ increasing the width of the contact and 
,4 _ letting it short-circuit several turns at a 
time. The transformer mentioned above 
Nie + actually uses a a round contact of 0. a te 


rhe eauitiadl by a contact of this size, but. 
because of the round shape, only three 
_ turns are effectively short-circuited and 
the contact loss i is increased to 1.2 watts. 


- sign need not follow the procedure out- 
Sy in the two preceding panerenhe 


Ww eee va Core 
_ A Variae transformer differs very mark- 
a edly from a conventional transformer of 
equal rating. This is mainly due to 
_ four requirements discussed in detail in 
the preceding paragraphs: 
ecealy shaped, (2) the winding has to 
be. eranplecd, to MG a ae layer at the 


aon 


‘i “cannot be Sieben for best Mined, or 
economy alone, and (4) the contact loss 
Bik has to be added to the losses in copper and 
iron. If these points are kept in mind, 
ay - winding and core can be designed by 
applying standard practice. In the follow- 
_ ing paragraphs, therefore, only a few 
_ points will be mentioned that are charac- 
teristic of the Variac. 

yane'A. single-layer winding on a toroidal 
core does not fill up the winding space, and 
_ it is obvious that the amount of copper- 
used is out of proportion to the amount of 


~ 


' 
2 
Ki 


, 
" 


wires and small toroids where the outside 
diameter must be much larger than the 
_ inside diameter. It is possible, of course, 
to use wire with rectangular cross section 
and to use large toroids, but that cannot 
be done when a compact transformer of 
_ low output power is desired. Rectangular 
_ wire could be used to great advantage in 
large transformers, over two kva for in- 
stance, but so far, the mechanical problem 


4 ‘ 
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iron. This is particularly true with round — 


re J 
1 oot 


of applying the winding over the toroid 
has not been solved. , 

The resistance of a single-layer winding 
of round wire increases with the third 


power of the number of turns, and it 
follows, that the power rating of a toroidal 


core depends upon the voltage applied. 


For this reason Variac transformers can- 


not be built economically for high volt- 
ages. ; 

The rating of a conventional trans- 
former core increases rapidly with the fre- 


quency applied, since the number of turns 


can be decreased. In a Variac trans- 


- former, the number of turns is determined 


by the voltage applied and the only bene- 
fit obtained at increased frequencies is a 
reduction of core loss. However, if the 
cross section of the core is reduced at high 
frequencies, the gain is in the same pee 


.. portion as in any transformer. 


‘It can be said in general that contact de- | 


(1) the core is . 


_ windings on large and small cores. 
can handle a very wide range of wire 
It takes about 5 minutes to wind 


A laminated toroidally shaped core can 
be formed by two methods which are in- 
dicated in Figure 8. Core A is obtained 
by stacking ring-shaped laminations, core 
B by winding a long strip over a mandrel. 
Losses in core B will be slightly lower 
than losses in core A, but both methods 
are equally satisfactory, and the choice 
depends mainly on the sar et of ma- 
terials and tools. 

Application of a winding over a toroidal 
core requires special equipment, unless it 
is done by hand, Hand-winding,, how- 


ever, is not very practical, since small 
‘transformers have many hundreds of 
turns, and large transformers require — 


wires that are too hard tohandle. Toroid- 
winding machines? are ingeniously de- 
signed and apply single-layer or banked 
They 


sizes. 
500 turns of number 28 wire on a 3-inch- 
diameter core, and 25 minutes to wind 
160 turns of number 8 wire on a 12-inch- 
diameter core. 

The wire used is always insulated, A 
very high grade of insulation is required 


‘to stand the mechanical abuse during the 
process of winding, and to stand high tem- 


peratures in operation. At the contact 
surface, the insulation has to be removed. 
In addition, the wire is flattened to offer a 
larger surface to the contact, as shown in 
Figure 4, Both operations can be done 


on a grinding wheel. It is very important | 


that the wires cannot change their posi- 


tion after grinding, since that would de- 


stroy the contact surface. The wires, 
therefore, are usually embedded in a wind- 
ing form with a groove for each individual 
turn, 

Mounting of the toroidal core, covered 
almost entirely by the winding, is another 
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_ tion, Ordinarily, the winding cover: 


to reduce size and eee to a minimum, 
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and 2.4 voltage step-up - 


problem that requires serious con 


degrees and clamps cannot be used wh re 


they would interfere with the movement — 


of the contact, or where they would form 
a short-circuited turn around the core 


Permanent close alignment of the control 
' shaft and the contact surface is very i im- 


portant, and high local pressure must 
avoided on the winding. PA 


Most Variac transformers are designetsd 


for air-cooling, but forced air draft and 
oil have been used i in special pene 


Rating st Taps: Poe. iS. 


In the asa of contact leas tiae! 


term “ ‘maximum load current” has bent 


used. It was assumed that the trans- 
former would reach the highest oom 
temperature at this current, the largest 


current that the contact has to handle. — 


This current, called the “rated current,” 
is animportant characteristic of the Variae. 
transformer. Pe 

Figure 4 shows the most commonly Bee 
connection of a Variac transformer to 
line and load. If the output voltage into 


the load is changed by moving the con- _ 


tact, and the load current is held constant _ 
by changing the load resistance, the cur-_ 


‘rent in the different parts of the winding \ 


changes. Copper losses, except those due 
to magnetizing current in the winding, 
start at zero for zero output voltage, reach 
a maximum at one-half line voltage, are 


_ zero at line voltage, and increase rapidly _ 


from there on. Core and contact losses” 
are independent of output voltage. 
The point above line voltage, for which 
the losses equal again the losses at half 
line voltage, is found to be at 20 per cent 
above line voltage. 
line voltage tap on Variac transformers is 


_ almost always at 83 per cent of the turns. 
. At rated current, the temperature rise of 


the Variac transformer reaches the maxi- 


mum value at two settings of output volt- 


age: at one-half line voltage and at 
maximum, The rated current could. be 
exceeded at all other points if it were not 


, 


For this reason the 
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limited by the contact. 


In Figure 10 
load current in per cent of rated current, 
for constant copper loss, is plotted against 


_ output voltage, in per cent of line v oltage. 
If tl e contact is designed for a ‘‘maximum 


current,” 50 per cent over ‘rated cur- 
rent,’ load currents up to the heavy line 
in Figure 10 can be used. The dotted 
line is the voltage-current characteristic 
of a constant load that draws “maximum 
current”’ at line voltage. It can be seen 
that this straight line is:always below the 
limiting curve, and it follows that the 
transformer would not overheat at any 
‘output voltage, under line-voltage, if con- 
nected to this load. Experience has 
shown that contacts can be designed to 
‘carry considerably more than rated cur- 


rent in small Variac transformers, but in 


large transformers, the contact surface is 


not always sufficient to allow an increase 


above rated current as high as 50 per cent. 


_ Variac transformers are, therefore, rated 


by tke following terms: (1) rated current 
—the current that can be drawn at any 
position of the control shaft; (2) miaxi- 
mum current—the current that can be 
drawn at low output voltages and at volt- 
ages near input voltage; (3) load rating 
—the volt-amperes obtained by multiply- 
ing maximum current by line voltage. 


Whenever output voltages above line . 


voltage are not required, or when the load 
could be damaged by overvoltage, the line 


should not be connected to the tap of the. 


transformer, but to the full winding. In 
other applications it may be desirable to 
obtain more than a 20 per cent increase 
of output voltage with respect to line 
voltage, and the input could be connected 
still further down on the winding. The 
voltage across the full winding cannot be 


_ increased, of course, since that would in- 


crease flux density and voltage-per-turn, 
but all Variac transformers designed for 
230-volt lines are tapped for connection to 
115-volt circuits. If power is supplied at 


rated current to the center tap of a trans- © 


former, the output current is one half of 
rated current. If power is supplied to a 
tap that will give a maximum output 


_ voltage of 2X1.2=2.4 times input volt- 
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age, the connection provided on 230-volt 
Variac transformers, the output current 
for which copper losses are not excessive 
is 1/2.6 of rated current. 


Regulation 


Regulation of a transformer can be ex- 
pressed as a voltage drop under load, in 
per cent of output voltage. In a Variac 
transformer the voltage drop in the con- 
tact is added to the voltage drop in the 
winding, and since the contact drop at full 
load current always equals the voltage- 
per-turn, the regulation. at low output 
voltages is considerably increased. On 
the tenth turn of a transformer, the regu- 
lation due to contact drop always must 
be 10 per cent under these conditions, but 
the actual voltage of the tenth turn de- 
creases as the total number of turns is in- 
creased. In a 200-turn Variac, connected 
to give 20 per cent overvoltage, for in- 
stance, the voltage-per-turn is only 0.6 
per cent of input voltage, and contact 
regulationis better than 10 per cent, down 

. to output voltages as low as six per cent of 
line voltage. 

-Autotransformers have inherently bet- 
ter. regulation than two-circuit trans- 
formers. The improvement is most 
noticeable if the output voltage is close to 
line voltage and regulation is so good that 
careful protection against short circuits 
in the load is important. On the other 
hand, the leakage reactance of a single- 
layer winding on a toroidal core is large 
compared to the leakage reactance of a 
conventional transformer where it can be 
minimized by proper design. 

Over-all regulation of Variac trans- 
formers in their most useful range, near 
input voltage, can be considered excellent 
compared to other control devices, but it 
should be kept in mind that at low output 
voltages and at high ratios of voltage 

step-up, voltage drop under load cannot 
be disregarded. A typical regulation 
curve is shown in Figure 11, where voltage 
drop in per cent of output voltage is 
plotted against output voltage in per cent 
of input voltage. The upper curve ap- 
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plies for a Variac transformer with a 
maximum voltage step-up of 1.2 at rated - 
current and the lower curve for a voltage — 
step-up of 2.4 at 1/2.6 of rated current. — 
The effect of contact drop can be clearly © 
seen in these curves at low output voltage. 
The inversion of the curves at one third — 
of input voltage is due to the fact that 
output power decreases at lower output 
voltages. A further discussion of regula- 
tion is beyond the scope of this paper, but 
it is interesting to note that for constant _ 
voltage-per-turn the regulation at rated — 
current varies very little with the size of — 


‘the transformer. » 


; 
j 


Special Transformers 


The use of a carbon composition contact — 
on the turns of a transformer winding is 
not limited to toroidal autotransformers. “ 

. . . . . ¥ 
This particular application has been dis- — 
cussed in detail, since it combines many — 
advantages, but it is obvious that the — 


shape and that it could carry any number 
of additional windings. 

One important application of a Variac rs 
transformer with an additional winding is — 
a voltage regulator with limited range, — 
that can vary the output voltage from 100 
to 130 volts, for instance, when connected _ 
to a 115-volt line, or maintain constant < 
115-volt output voltage if the line volt- Ei. 
age varies from 90 to 120 volts. ve 

In another application, line-voltage i is 
connected to the contact of a multiple- \ 
winding transformer. Moving the con- — 
tact changes the number of primary turns rf 
and varies simultaneously the output volt- 
age of several windings. ait 

For applications in multiple- pt ase cir- pe 
cuits two or more Variac transformers are — 


7a 


mounted together with their contacts con-— _ 


transformer core could haye any desired 4 


trolled by a single shaft. a 

j oe 

ie 

References ‘ 

“ve 

; 

1. United States patent number 2,009,013, issued val 

July 23, 1935. ts 

2. Toromat WinpiNc Macuines, F. E. Planer. 
Journal of Scientific Instruments, Institute of Phys- 

ics, London, volume 20, December 1943, pages185- 

S05 ie bs 


TRANSACTIONS 913 


Prevention of Rotor- Winding 


Deformation on Turbogenerators 


JOHN G. NOEST 


MEMBER AIEE 


Synopsis: During recent years there have 
occurred several cases of failures on turbo- 
generators which were found to be due toa 
singular type of deformation of the rotor 
windings. It isrecognized that the deforma- 
tion of rotor windings is due to forces set: up 
in the windings by the interaction of centrifu- 
gal force and temperature change.! 

' The purpose of this paper is to discuss 
briefly the phenomena responsible for this 
type of deformation, and to show that by 
means of preheating of the rotor windings to 
a definite predeterminable winding tempera- 
ture, the resulting mechanical stresses can 
be very materially reduced so that winding 
deformation is held to a minimum. 


Cause of Rotor-Winding 
Deformation . 


HE phenomenon of rotor winding de- 
formation on turbogenerator rotors is 


_ discussed in'reference 1. As copies of this _ 


paper are not readily available, the sub- 
ject is here briefly reviewed. 
- Alllarge turbogenerator rotors are built 


number of multiturn coils laid in milled 
radial slots with metal wedges supporting 
the coils against the radially directed 
centrifugal force. Asbestos and mica are 


_ the principal insulating materials. At the 


ends of the rotor body, the individual coils 
are supported against deformation by end 
rings, with insulating. material bracing 
blocks. The mechanical strength that can 
be built into the bracing is limited by the 
mechanical strength of the insulating ma- 


- terials used for coil insulation. 


_ Several cases of rotor winding failure 


- have occurred that were found to be due to 
a peculiar type of deformation of the rotor 


coils. This deformation is the result of 
shortening of the rotor conductors within 
the rotor slots, The failures, involving 
electrical grounds and interturn short cir- 
cuits, all occurred at points where the 
rotor windings leave the rotor body or in 
the portions of the coils located under the 


end bells of the rotor. Grounds developed ~ 


Paper 44-85, recommended by the AIEE com- 
mittees on electrical machinery and power genera- 
tion for presentation at the AIEE North Eastern 
District technical meeting, Boston, Mass., April 
19-20, 1944, and the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manuscript 
submitted February 14, 1944; made available for 
printing March 21, 1944. : 


Joun G. Nozst is assistant engineer, electrical — 


engineering department, Consolidated Edison Com- 


‘pany of New York, Inc., New York, N. Y. 
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with the rotor winding, consisting of a . 


by crushing of the coil insulation, whereas 
interturn short circuits were found to be 
caused by the crushing of the turn-to-turn 
insulation. In each of these cases the 
underlying cause was a deformation of the 
coils, in which the conductors nearest to 
the center of the rotor shaft had become 
shortened most, while conductors more 
remote from the rotor shaft showed di- 
sminished shortening; the outermost con- 
ductors being found entirely unaffected. 
Blocking between coils was found either 
bent or broken, showing that the forces 
involved were high in order of magnitude. 
In some cases, the innermost conductors 
were found displaced from their original 
position by as much as the width of the 
conductors. These displaced conductors, 
under the influence of centrifugal force, 
were subjected to eccentric loading be- 
tween conductors and the resulting high 
unit pressures on the turn-to-turn insula- 
tion ultimately produced structural failure 
‘of this insulation, causing turn-to-turn 
short circuits. Figures 1A, 1B, and 1C 
illustrate the conditions. 


The basic eause of rotor-winding de- 
formation may be explained if the proc- 
esses of starting, loading, and shutting 
down of the turbogenerator are examined 
in detail. The turbogenerator, having 
cooled during a preceding outage to 
approximately ambient temperature, is 
started via the turbine and is driven at 
low speed for a period varying from one 
half to two hours, depending on the size of 
the unit involved and .on the temperature 
the turbine has cooled to. Near the end 
of the turbine “warming up” period, the 


generator speed is rapidly increased to + 


synchronous speed and, after applying 
field excitation, the generator is synchro- 
nized to the bus and loaded. The signifi- 
cant point of this starting procedure is 
that field current is not applied to the 
rotor winding until after nearly all of the 
centrifugal force is established by the ro- 


tational speed and the conductors are - 


locked in position as a result. The rotor 
winding is therefore not subjected to a 
temperature rise until after the full effect 
of centrifugal force is established. After 
the field current is applied and as the 
generator is loaded, the rotor winding re- 
sistance loss appears as heat in the rotor 
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’ conductors. Ae the hee 


perature difference between “the rotor 
winding and the rotor body. This process — 
of combined heat storage and heat dissipa- 
tion by conduction, results in an expo-— 
nential approach to an ultimate tempera- 
ture and involves a thermal time const; 
(Appendix IV). As the total weight, and. 
with it the thermal mass, of the rotor 
winding is small, the thermal time con-— 
stant of rotor-winding temperature rise. 
over the rotor-body temperature is small, | 
As heat is transferred to the rotor body, 
experiences a temperature rise over the 
surrounding air. During increasing rotor-_ 
body temperature a portion of the heat 
transferred to it from the rotor winding is 
again stored (proportional to the rate of 
temperature rise) and the remainder is 
transferred to the surrounding air-gap air 
by forced convection at a rate propor-— 
tional to the temperature difference. Be-— 
cause of the great weight of the rotor 
body, its thermal time constant is large — 
(Appendix IV). With suddenly applied — 
and thereafter constant field current the 
process of heat dissipation from the rotor — 
winding is summarized as follows: The — 
temperature rise of the rotor body over — 
air-gap air (or approximately ambient air) 
reaches its final value slowly. After the — 
initial fast temperature rise of the rotor 
winding, the winding continues to increase 
in temperature as the rotor body heats, 
finally maintaining, for constant field cur- 
rent, a constant differential. 


While these temperature changes occur, | 
the rotor conductors are under the influ- — 
ence of centrifugal force which tends to — 
force them radially outward. Each rotor- — 4 
conductor’ s centrifugal force is a function 
of its radial location and angular velocity. 
The centrifugal force of the innermost con- 
ductor is imposed on the next conductor, — 
whose own centrifugal force adds to that — 
of the first conductor, imposing the total _ 

on the third conductor and so on, until — 
the wedge supports the accumulated cen- 
trifugal force of all conductors in the coil. 
Figure 2 shows a typical curve for a large _ 
rotor, giving centrifugal forces i in terms of — 
conductor location. Sete ~] 


—— 


Any tendency of the coil as a tee ‘or. 4 
of any conductor in the coil, to move in an 
axial direction is opposed by the frictional _ 
resistance created by the centrifugal force. 
The magnitude of the coefficient of fric- 
tion is somewhat uncertain but probably — 
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lies between 0.1 and 0.3. Even with the | 


ower value and with values of centrifugal 


force as given in Figure 2, it is obvious 


that large portions of the slot lengths of 
the rotor conductor are firmly locked on 
each other and on to the wedge. 
However, as the rotor conductors are 
being heated they tend to expand against 


the frictional forces which hold them 


locked in place. When the conductor- 
temperature rise is low, the tendency of 
the conductors to expand results in the 
creation of compressive stresses in the 
conductor within the elastic limit of the 
conductor material. With increasing 


rotor-body temperature, additional stress | 


is produced on account of the differences 
in the coefficients of linear expansion of 
rotor conductor and rotor body, which at 
some critical temperature rise produce 
total stresses in the rotor conductor in 
excess of the elastic limit, and result there- 


after in permanent plastic deformation. 
_ When the generator’s load is reduced, the . 


temperature of the rotor winding de- 
creases, and the initial stress, which is held 
in elastic deformation, is released. When 


the generator is shut down, cooling takes 


place without the restraint of centrifugal 
force and the rotor conductors are free to 


contract as they cool. The plastic strain 


which was initially established at the high 


temperatures is retained, leaving the so- 


strained conductors permanently short- 


ened. Repetition of this cycle of starting, © 


loading, and shutting down at sufficiently 
high temperature rises results in continu- 


_ ing deformation in spite of the hardening 
' effect of the cyclic plastic working of the 


conductor material. At some lower tem- 


_ perature rises however, deformation may 


cease after a small number of cycles be- 
cause of the hardening effect of plastic 
working during the first few cycles. _ 


Figure 1A. Rotor-winding distortion, 160,000- 


kva 1,500-rpm generator 
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The preceding analysis gives a satis- 
factory qualitative exposition of the 
phenomenon of winding deformation for 
which a quantitative verification is more 
complex. The added complexity comes 
from the fact that in the discussion of 
conductor temperature an assumption of 
equal temperature for all conductors of a 
coil is really inadmissible. The tempera- 
ture of the conductors of a coil is lowest for 
the outermost conductor, it rises to a 


maximum somewhere in the interior of the © 


coil, and drops again toward the innermost 
conductor. Figure 3 shows a relation of 
conductor location and temperature rise, 
calculated by means of an equivalent elec- 
trical network for a rotor coil of a large 
generator neglecting all heat flow in the 
axial direction. Based on the tempera- 
ture rise distribution of Figure 3, on an 
idealized stress-strain curve, as shown in 
Figure 4, andin consideration of theeffects 
of varying centrifugal force with conduc- 
tor location, the deformation for a single 
cycle, Figure 5, was calculated. Compar- 
ing calculated deformation (solid line in 
Figure 5, with the measured deformation 


on the generator rotor shown in Figure 1A ~ 
(dashed line in Figure 5) good agreement . 


may be observed to exist for all conduc- 


Figure 1B. Rotor-winding distortion, 21,000- 
kva 1,500-rpm generator 


tors excepting the two innermost ones. 
Similarly, calculated curves, shown as 
Figure 8 in reference 1, show a like tend- 
ency toward decreasing deformation for 
the innermost conductors. It appears, 
therefore, that in addition to the pre- 
viously discussed factors, there must be 
others in order to account for the remain- 
ing discrepancy between calculated and 
observed conditions. One of these factors 
is probably buckling of the innermost con- 
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ductors in whatever space there may exist 
at the bottom of the slot. The force re- 
quired to buckle a conductor as a column 
may be expected to be relatively small 
since a conductor, as a column, is a very 
weak one indeed, even if the radial brac- 
ing by centrifugal force is taken into ac- 
count. 


Prevention of Rotor-Winding 
Deformation By Preheating 


In the preceding section it was shown 
that the rotor-winding deformation is 
caused by the temperature change which 
occurs after the rotor conductors are pre- 
vented from free expansion by the locking 
action of centrifugal force. It was shown 
that when the temperature changes are 


Figure 1C. Rotor-winding distortion caused 
by overloading 50,000-kva 50-cycle generator 


. 
. 


sufficiently small, deformationis smalland 
moreover may be expected to cease en- 


tirely after a limited number of cycles. 


The prevention of excessive rotor-winding 


i= 


deformation, therefore, lies in the reduc- 


tion of the magnitude of temperature 
variations. The permissible magnitude 
of temperature variation is a function of 
the mechanical properties of the conductor 


material and the generator designer has — 


control of both the magnitude of tem- 


perature variation and the conductor ma- — 


terial used. However, the operator gains 
control of one of the factors involving the 


magnitude of stress developed in the con-— 


ductor, when he is enabled to fix the initial 
temperature from which all subsequent 
temperature changes take place. By 
preheating the rotor winding and body 
with the body revolving at very low 
speed the expansion of the conduc- 
tors and rotor body, as the tempera- 
ture rises from ambient to preheat tem- 
perature, takes place free from fric- 
tional restraint produced by centrifugal 
force. Subsequent temperature variations 
due to generator load changes at syn- 
chronous speed then produce stresses 
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which are proportional to the difference 
_ between actual and preheat temperature 
instead of the difference between actual 
and ambient temperature. Furthermore, 


__ the initial or preheat temperature can be 


chosen in such a manner that the stress 
in the conductor material becomes a ten-_ 
sile stress at light loads and the compres- 
sive stress which would result in creep in 


' compression at high loads is nullified by 


the creep in tension at light loads. That 


initial or preheat winding temperature 


_. which produces a minimum of permanent 


winding deformation for a given rotor dur- 


ing the expected operating cycle.is the 


optimum preheat temperature for the 


. given generator. 


, 


“ 


As the expansion of the rotor body is 
also a factor contributing to the total 

_ stress in the winding conductors, there is 
also an optimum preheat temperature for 
the rotor body, which, together with the 
optimum winding preheat temperature, 
assures lowest possible deformation. As 
the rotor winding temperature and the 

' rotor body temperature differ by the tem- 


perature rise of the winding over the rotor 


optimum temperatures, that of the rotor © 
| _ body and that of the rotor winding, willbe | 
_ found to differ. 


_ body, it is to be expected that the two 


This situation points to 
i -_ preheatin g with current in the rotor wind- 


- ing as the best method and knowing the 


Be du the determination of the optimum ’ 
_ preheat temperatures two criteria exist, 


difference between the two optimum tem- 
peratures permits the determination of the 
required current. 


i 


; stress but of the duration of stress as well: 


—_ Pe 


namely, minimum stress and minimum de- — 


_ formation. The two are not synonymous, 
since the latter is not only a function of 


An example of a calculation for a ase 


LBS/ INCH 
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Figure 2. Centrifugal force on field-winding 
conductors at rated speed 
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paper in which equations having the 


criteria of minimum deformation, de- 


‘veloped in Appendix III. are used. The 


_ development of the equations of Appendix — 


III are based upon an ‘assumed behavior 
of copper under mechanical stress which is 
believed to be approximate to the actual 
behavior of copper in the temperature 
range and stress range as here applied, 
with sufficient accuracy for the purpose. 
Because of the necessary approximation it 
is desirable to test the result of calculation 
made with the method of Appendix III, 
by calculating expected extreme stresses 
as is done in the example of Appendix JI. 
For most load cycles, the method of 
Appendix III will give tolerable values of 
stress. 
values of stress for windings of soft an- 
nealed copper are in the order of those 
calculated in Appendix II, and should not 
exceed 5,000 pounds per squareinch, 
The refinement that can reasonably be 
incorporated in a preheating procedure is 
limited by practical considerations, of 
which a primary one is the accuracy with 
which rotor-winding and rotor-body tem- 


peratures can be determined. Experience | 


shows that this accuracy is not likely to 
be greater than plus or minus five degrees 
centigrade. The assumptions in regard 
to the behavior of the conductor material, 
made in Appendix III must be viewed in 


this light, and when so viewed they be- | 
- come more acceptable. 


Practical Aspects of Preheating 

In the practical application of preheat- 
ing of turbogenerator rotors, there are a 
number of factors, aside from those pre- 
viously discussed, that must be considered 
if a workable procedure is to be obtained. 
Among these are: 


(a). The arrangement of existing cooling 
system, that is, whether the generator is 
equipped with shaft driven blowers or with 
separately driven blowers, and whether the 


generator cooling system is a. closed or open , 


system. 


(b). What means are available to furnish 
the required preheating current. 


(c). There is the problem of co-ordinating 
the preheating procedure with the starting 
procedure of the turbine. 


In regard to the existing cooling system, 
the preceding discussions show that it is 
desirable to obtain by means of preheating 
a certain definite rotor-winding tempera- 


ture and also a temperature distribution — 


throughout the winding as near as possible 
to that existing when the generator is in 


operation and carrying load. This re- 
quirement can be approached only if pre- 
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procedure is given in Appendix IT of this 


completely since preheating mus 


Necessary to use a procedure in which p 


In the author’s opinion tolerable ~ 


factor in the preheating procedure because 


volves the thermal time constant of 


rotor- -body temperature. In view of the | { 


at that value which produces the expected — 


ture rise. 
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heating is ee ihe out ea as 
possible normal ait ir flow - through 
erator; aoe it cannot be r 


formed with the rotor revolving 
speed. On generators equipped w: ; 
driven ve: me Wises. 


simultaneously. In this case it may be — 
heating is carried out in steps.’ This is” 
accomplished by starting the preheat at 
relatively high rotor speeds in order to 
provide the required ventilation and ther 1 


at one or more intermediate nee oo » 


heating temperature is reached, a fin: 
slowing down releases all stresses bef 
the generator if again accelerated ane ) 


séjoutete Hakone this difficulty is not — 
likely to appear. ' | 

The nature of the oolie system ; is a 
of the necessity to measure the rotor body b 
temperature indirectly, that is, in terms — 
of the winding temperature. This - 


rotor-winding-temperature rise over the ~ 


relative smallness of this time constant, it | 
is convenient to eliminate it as a factor by 
holding the preheating current constant — 


rotor-winding-over-rotor-body tempera- — 

However, with constant pre- — 
heating current, the control of tempera- — 
ture lies in the adjustment of the cooling a 
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Figure 3. Temperature rise distribution in 
field sell ah 
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system. This is an easy matter on gen- 
erators having a closed cooling system in 
which case the water flow through the 
coolers can be regulated. Where a gen- 


erator operates on, an open ventilating 
system the considerations of the preced- 


ing paragraphs in’regard to temperature 
distribution within the rotor winding may 


have to be compromised because of the 


Variations in the preheating current for 


necessity of controlling the winding tem- 
perature by changes in turbine speed. 


the control of rotor-winding temperature 


_ should be resorted to only after all other 
_ means of controlling temperature are ex- 


hausted; since the attainment of the op- 


_timum rotor winding—rotor body tem- 


_ perature rise then becomes very difficult. 


In regard to the availability of direct 


' current for preheating, several additional 


factors enter into consideration. When a 
Mmotor-driven or turbine-driven d-c vari- 
able-voltage generator of sufficient capac- 


ity is available, the problem is simple. 


Where the preheating current must be 


taken from a constant-voltage d-c source 
and where a field rheostat in the rotor cir- 


cuit exists, the problem is equally simple. 


_ When neither exists, preheating can be 
carried on in steps at generator speeds 


> 


sufficiently high to permit the use of the 


shaft exciter as power source. In the 


latter case, it may be found expedient to 


provide space heaters in the generator for 
the purpose of holding the generator at 
some elevated temperature from which 
preheating can be carried out in one step. 
Finally, the objective of preheating can 


be approached in some cases to a suffi- 


cient extent by the use of space heaters 
alone. The latter two methods may be 


_ Satisfactorily applied in those cases where 


generators are taken off the line only in- 
frequently so that higher stresses and 
larger values of deformation per cycle 
become acceptable. | 

The problem of co-ordinating a particu- 


Jar preheating procedure with the turbine © 
starting operations contains so many fac- 
tors in addition to those previously dis- 
cussed, that an attempt to generalize is 


practically of no value. 
* 


Experience With Preheating 


Preheating ‘ét rotor windings has been 
adopted for five generators on the system — 
of the Consolidated Edison Company of 
New York, Inc., and the experience at the 


time of preparation of this paper extends — 


over a period of approximately six months, 


The generators involved are turbogenera- 


tors of the following sizes: two generators, 
200,000 kva, 60 cycles, 0.8 power factor, 
1,800 rpm; one generator, 160,000 kva 
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Figure 4. Stress-strain curve for soft annealed 
copper 


25cycles, 1.0 power factor, 1,500 rpm; and 
two generators, 60,000 kva, 25 cycles, 1.0 
power factor, 1,500 rpm. Appendix I 
gives detailed data for the 160,000-kva, 
25-cycle generator to which the example 
of Appendix II applies. 


All these generators are equipped with ° 


external motor- or turbine-driven blowers, 
with closed cooling systems using air 
coolers, with shaft rotating gear and with 
field rheostats in the rotor circuit. Aside 
from differences in specified preheating 
currents and temperatures, the preheat- 
ing procedures for all of these generators 
are substantially the same. Subsequent 
discussion will, therefore, be confined to 
the 160,000-kva 25-cycle unit. . 

The turbine starting operation and pre- 
heating procedure are carried out as 
‘follows: 


1. Depending upon the duration of the pre- 
ceding outage of the turbogenerator, that is, 


upon the initial temperature of the generator ~ 


rotor, the time required for preheating is 
varied from one to two and one half hours. 
Generally, the ‘warming up” time of the 
turbine varies similarly, but it is possible to 
start preheating with the generator on the 
shaft rotating gear by means of which the 
shaft is rotated at approximately two revo- 
lutions per minute. Application of the pre- 
heating current is not permitted at stand- 


still in order to avoid burning of the collec- . 


tor rings. 

2. With the generator rotated by the tur-. 
bine, not faster than 300 rpm, or with the 
generator on the rotating gear, the preheat- 
ing current of 680 amperes (84 per cent of 
rated current) is applied to the rotor wind- 
ing. Both generator cooling fans are started 
and provide practically normal air flow 
through the generator. 


3. When the rotor winding approaches the 
specified preheat temperature, cooling water 
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- at a constant value. . 


is admitted to control the temperature. 
The preheating current is held unchanged 
The preheat rotor- 
winding temperature is specified in relation 
to the prevailing cooling-water temperature 
as follows: 


Preheat Winding 
Temperature (Deg C) 


Cooling Water 
Temperature (Deg F) 


Up f0:45; ates: ene ieee 65 
46 £0, GO cree pcs ee hate 73 
61:and. over, v0). Sa eee 81 


4. When the specified preheat temperature 


is reached and when the turbine is suffi- 
ciently warmed up, the generator is shut 


down to standstill and immediately re- 


started. This is done to permit complete 


relief of all stresses that may have accumu- 
lated in the winding. The preheat, cur- 


‘rent still remains unchanged. 


5. The turbine is now rapidly aR PAN 
As the speed increases above 1,000 rpm the 
operator reduces the preheating current 
just enough to prevent excessive generator 
voltage. When the generator reaches syn- 
chronizing speed the preheating current is 
removed, 
switched to supply normal excitation, the 
generator is synchronized, and then loaded. 


During the shutting-down period the 
cooling-water flow through the air coolers 
is reduced as the load is decreased to pre- 
vent excessive cooling, thus shortening the 
time required for subsequent preheating. 

Calculations in Appendix II show that 


by using the above preheating procedure 


the stresses in the winding are 4,510 


pounds per square inch in compression at — 
maximum load and 3,790 pounds per — 
square inch in tension at minimum load. — 


Without preheating and starting at room 
temperature, the winding stresses would 
become 10,980 pounds per square inch in 
compression. 
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Figure 5. Measured and calculated deforma- 
tion of a field coil 
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the shaft exciter is quickly 


It is expected that no 43 


en a” 


noticeable winding deformation will occur 
with the adopted preheating procedure. 


The preceding example is an ideal one’ 


since facilities exist which permit the con- 
trol of all of the diverse factors. Where 
such facilities do not exist, a great deal 
can still be gained by preheating in a less 
complete manner. So long as the rotor is 
brought to within its operating tempera- 
ture range a material reduction in de- 
formation can be expected. 


Overloading of Generators 


Frequently, particularly under the 
pressure of the present emergency, the 
problem arises whether a given generator 
can be overloaded with currents in excessof 
_ the rated field current and armature cur- 

rent. This problem becomes particularly 
pressing where a’ generator has a rated 
load temperature rise below that permis- 
sible by existing AIEE Standards. Very 

often this problem arises from the neces- 

sity to carry lower-power-factor loads and 

less often it arises from the availability of 
_ additional capacity in the turbine. 


When temperature rise is less than the 
permissible at rated load it must not be 


assumed that the manufacturer had mis- 


calculated in the design of the generator 
and in that way had really provided a 
generator larger than required. A safer 
assumption is that the manufacturer in 
designing the given generator was forced 
to compromise conflicting requirements 


with the result of having to design for a 


lower temperature rise in order to meet 
some other more pressing limitation. 
_ Among these limitations may well be that 
of field-winding deformation and if this be 
_ the major limitation, it may be possible to 
permit an appreciable increase in field 
current if preheating is adopted. Whether 
such overloading is at all permissible, and 
the extent to which it is permissible with 
preheating, is a subject to be thoroughly 
discussed with the manufacturer of the 
_ generator in question. 


Conclusion 


By means of preheating of rotor wind- 
ings and rotor body of turbogenerators, 
rotor winding deformation can be mini- 
mized, with a consequent prolongation of 
the life of such windings. In some cases 
overloading of the generator can be made 
a safe procedure if preheating of the rotor 
windings and body is adopted. Practical 


procedures for preheating of rotor wind- 


ings have been found to be easily co- 
ordinated -with turbine-starting opera- 
tions. 
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Appendix I 


Data pertaining to the 160,000-kva 25- 
cycle 1,500-rpm turbogenerator. 


Generator data: 


Rating Ane aitets comes 160,000 kva 
Power factors... 2.2.0.0 1.0 
Voltares. Platine ae 11.4kv 
Frequency. ...:..s.¢s 25 cycles 
Maximum excitation 

VOMAPC see eens 250 volts 


Rated field current..... 815 amperes © 


Generator-cooling-system data: 


TEMPE es aan Oe se ee Surface air coolers 

Blowersh. cis sioasietee ans Separate motor and 
' turbine driven 

Quantity of cooling air. .160,000 cubic feet 


per minute 
Total heat loss, full _ 
load ss. Bede een 2,245 kw 
Total heat loss, no 
dogid’s Acase erent reer 1,595 kw 
Heat loss in ates full 
loadin, Sica re Se 235 kw 
Quantity of cooling | : Zhe 
water, maximum..... 1,000,000 pounds 
per hour 
Maximum cooling 


water temperature. ..75 degrees Fahren- 


heit 
Physical data: 


Coefficient of linear expansion, copper— ° 


1.7X10-5 inch per inch per degree centi- 
grade 


Coefficient of linear expansion, steel— 


- 1.15105 inch per inch per degree centi- 


grade 


Modulus of elasticity of copper—1.6X107 


pounds per square inch per inch 


Generator operating data: 


Maxi- Mini- 
E mum mum 
Load Load 
Field current, amperes.......875 ..460 
Average rotor winding tem- — ‘ 
perature, degrees centi- 
grade). ise te a ee ee I Orso. 9 
Averagerotor body temipera- : 
- ture, degrees centigrade... 85.0.. 48.7 
. Airgap air average tempera- 
ture, degrees centigrade.... 538.5.. 40.0 
Air temperature into gen- 
erator, degrees centigrade... 40.0.. 30.4 
Cooling water temperature, 
degrees Fahrenheit........ sAee 7Asii0) 
Daily load cycle, hours....... 10* 12* 


_ Appendix ie 


Example of calculation of the preheating 
procedure for a 160,000-kva 1.0-power-fac- 


tor 25-cycle 1,500-rpm generator with data 


of AppendixI. — 

In the following all primed symbols refer 
to the minimum load condition and all 
double-primed symbols refer to the maxi- 
mum load conditions and unprimed symbols 
refer to preheating conditions. All w sub- 
scripts refer to the rotor winding and all B 
subscripts refer to the rotor body. 


* The remaining two hours are used in raising and 


lowering of load. 


Noest—Deformation on T urbogenerators 


" r," 


‘The resulting stresses in the copper are 


'. minimum load conditions: 


f= M(Sy'— 5p’) =1.6 X107(42.7—19.0) X 


poeta, (eee =1.7X10-5(111—40) 


From Appendix I: Ae 
T»' =55.9 degrees centigrade ' 
ty” =111.0 degrees centigrade 
Tz’ =48.7 degrees centigrade 
=85.0 degrees centigrade 
fi =12hours — 16; 

=10 hours ; 


Ti 

UT y'+t"T yn" 
wD +t , 

_(12X55.9)+(0X111) 
‘) 12+10 
=81 degrees centigrade 

Ty eT 

nar ee 

_ 02X48.7)+ (10 X85) 

w: 12+10 — 

= 65.2 degrees centigrade 


B= 


The preheating current is then ; 


ees gine —65.2 
“rq fe= Tog 111—85 


=681 amperes _ 


found as follows: ; so Seema 


= aT” — Ty) =1. 710-5 ; 

(111.0—81) =51 ox10-* 

sp" =ap(Tp" —T) =1.15X10-*X ope 
(85—65. 2) = =22. 8x10- 

then . ' ee 

f" =M(sy"—sg") =1.6 X10" X (51.0—22.8) X 

10-§=4,510 pounds per square inch 


This stress is produced in compression at the 
highest | operating temperature. At the 


1p! <p Tp Ty") =1.7X10-8% 
' + (81—55.9) = 42.7X10-€ 
oars T;’)= LIS xa10= aS 
(65.2— 48,7) =19.0X 10-5 


_10-5=8,790 pounds per square inch - 
This stress is in tension. 
For comparison of the efficacy of preheat- 
ing, the stress produced during starting’ 
from an ambient of 40 degrees centigrade to. 
maximum operating Semipere tUee is calcu- 
lated: : : 


=120.41075 

Sp=ap(T pz” —40) =1.15X10— *(85— oo 
=51.8X1075 

f’ =M(s,y—sp) =1. 6X107(120. —61: 8) x10-8 
=10,980 pounds per square inch 


Nomenclature: 


oy = coefficient of expansion for the Poa’ 
ap=coefficient of expansion | for the rotor 
body : 
s=strain 
f=stress 
M=modulus of elasticity 


tee 
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_ Appendix Ill 


Re siencla tute (for additional Symbols see 
Appendix II): 


T =temperature in degrees centigrade 
a, k=constants 
S, So=plastic strains j 
u=creep rate 
€=base of the natural logarithm 


Within the range of temperature and the 
' range of stress occurring with preheating the 
creep rate is approximated by the following 
telation 


ds 7 . 
u=— =afo(T) if (1) 


where ¢(7) is a function of the absolute 
temperature. For short-time creep rates 
very little is known about this function, al- 
though various attempts have been made? 
to approximate test results in long-time test. 
For this reason the function ¢(T7) is in the 
following analysis taken to be constant in the 
belief that this step will not greatly affect 
the result. 

If an elementary length of conductor is 
stressed and then held so that its length re- 
mains invariant, the stress is relieved by 
creep according to the relation 


aMf (2) 


oe (6) 


‘ : 
which has the solution 
f=foe™ i @ 


where foi is the stress at the time ¢=0 
Since 


fo= Ms j i (6). 


and since 


50” = d(T” — Ty) — ap(Tp” —T 2) 
$0! = a4 ( Ty — Ty’) an (Tp—T3’) (6) 


The total strains accumulated during the 
times ¢” and t’ become 


So” = [ew (T io” — Tw) — ae(Tx”—T3)]X 


. 1” 
fe edt 


T') —ap(Te—Tp')|X 


; v 
if entar =F) 


Sim leap ( T= 
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Integrating equations 7 and suhetaating the 
approximation 


1—e"" =k 
So" = [ow(T i” — Ty) — ep(T a" — Tp) lt” 
So’ = [aw(T— Tp’) —an(Te—Tx’) |kt’ (8) 


When the load cycle is complex equations 8 
are used to determine 7, and Tx by trial 
and error. In most cases the load cycle is 
sufficiently approximated by calculation for 
maximum and minimum loads only. In the 
latter case equations 8 allow further analysis. 
Set 


So” = So’ = [a(T yp” — w) — aR X 
OU pee Tz) ]kt” = [aw(Ty— Ty’) i 
ap(T'g— Tp’) |kt’ (9) 


Substituting in equation 9 


and solving for Ty and tp: 


aad pe det al Dl 
Ty—1rTz3 ie Mapa vue 
red bs , 7d Bs u 
ita TV Ts" (40) 
t+4" . 


Since 7,, and Tz in equation 10 are both un- 
‘known further, strict mathematical treat- 
ment is impossible. However, if 


YE eee tS 
Ceeraeranr (11) 
and if 

eT PVT ay 
eae IT aad (12) 


are used, a satisfactory solution is obtained. 


Appendix IV 


~ When heating or cooling of a body, hav- 
ing thermal capacity, takes place in such a 
manner that the heat loss per unit time is 
directly proportional to temperature, the 
following relations apply. 

Let 


C=thermal capacitance in kilowatts per 
degree centigrade per hour 
k=proportionality constant of heat dissi- 


pation in kilowatts per degree centi- oe 


grade 
H=heat loss in kilowatts 
@=temperature rise 
T =time constant 
t=time in hours 


For heating 
dé 
C— +k@=H 13 
i +i (13) 
For cooling 
dé 
—+kd=0 14 
Crt (14) 
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_ Copper, Evan A. Davies. 


Equations 13 and 14 have the solutions 


(15) 
or ; 
pbs ‘ 
Ges Pew respectively (16) 
where : 
rao 
R 
and where ~ 


6)=ultimate temperature rise 


For example, using values of Apnendte 
For the rotor windings 


_GWi_ 0.167 20,000 
Cy=——— So =0.974 kilowatt 
3,413 3,413 ; 


per degree centigrade per hour 
For the rotor body ; 


' CW, 0.212X%200,000 
C3z= ee aes te 12.4 kilowatts 
3,413 3,413 
per degree centigrade per hour 
where 


C.i=specific heat of copper in kilowatt-— 
hours per pound per degree centigrade 
C2=specific heat of steel in kilowatt-hours 
per pound per degree centigrade 
W, = weight of windings in pounds 
W,=weight of rotor body in pounds 
For the rotor winding 
k,=—= 5 =9.04 kilowatts per degree 
centigrade 


For the rotor body © 
92 B15 centigrade 


Where O90 and Og) are the ultimate tem- 
perature rises of the rotor winding over the 


_ rotor body and of the rotor body over air- 


gap air, respectively. 


Fal ao aa sepia 
Ry 9.04 
A 
B= Col Ae ae 
Fn 
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eSynopsia:, Established principles of hydrau:. 


Blast-Tube Cooling for Aircraft : | 
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lics are used to develop and explain funda- 


_ mentals of blast-tube cooling. It is shown 


that the pressure-volume curves of a blast 


‘tube can be determined by flight tests, and 


that the pressure-volume curve of a genera- 


tor can be determined in the laboratory. 


From the two pressure-volume curves, the 
air-flow through the generator in flight can 


be predicted, without an actual flight test 


on the generator. This procedure would save 


many flight tests, if pressure-volume curves 
of various blast tubes were available. 


It is 
shown that the pressure-volume curve of a 


blast tube can be determined by open-end 


and closed-end’ readings on the blast tube, 


and the complete curve can be expressed in 


terms of two constants readily determined 


from these readings. Once values of the 
constants are established, air-flow calcula- 
tions become as simple as the application of . 
-Ohm’s law. The theory also covers genera- 
tors with an internal fan. A plea is made for 
accurate blast-tube data and for better 


specifications on blast cooling. A suggested 


form of blast-tube specification i is given.» 


per 


LAST cooling has been a major factor 


@ in obtaining the phenomenal outputs 
of modern aircraft generators from a small 


_ weight of material. This subject, in spite 


of its importance, seems to have been neg- 
lected in technical literature and, as a re- 
‘sult, the fundamental principles do not 


Cin seem to be at all well understood. Be- 
cause of this lack, the subject has often 


appeared to be more involved than it 
actually is. It is generally understood 


that the amount of air flowing through a 


given generator depends upon the pres- 
sure differential available across the gen- 


erator, and it is also well understood that - 


the amount of pressure available from the 
blast tube depends upon the amount of 
air drawn by the generator. Because of 


this mutual interdependence, flight tests 
are today generally taken with a specific 


generator and blast tube, and it seems to 
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PRESSURE—INCHES OF WATE 


be generally felt that it is necessary to 
test each different combination of gen- 
erator and blast tube. Just as Ohm’s law 
enormously simplified the calculation of 


electric circuits, so can the calculation of 
blast cooling be simplified by the use of 


similar concepts, which will be defined, 
explained, and used in this paper. This 
line of attack clarifies the fundamental 


principles involved, makes it necessary to 


run only one series of tests on any given 
blast tube, and one series of tests on any 
one given generator. It is not necessary 


to test each and ray combination of 


eg 


u 


20 40 . 60 80 
CUBIC FEET PER MINUTE 
i a earl — FEET PER MINUTE: 
0 1000 2000 3000 4000 5000 


{ 
velocity. HEAD~ INCHES OF “WATER 


Figure 1. Pressure-volume curves of a blast 


tube and three representative aircraft generators 


generator and blast tube. 
attack also makes it possible to write 
specifications which simultaneously ac- 
complish a number of purposes: i 

(a). The aitframe builder has a ‘definite 
specification which can be used not only to 


design the blast-tube installation, but also 
to test it. He need not be concerned with 


_ different generator designs. 


(b). The generator builder has a definite 
specification that permits him enough lati- 
tude to design a generator for maximum 
effective use of the available air. 


(c). The specification clearly indicates how 


much pressure should be applied to the 


generator in laboratory tests to simulate 
flight conditions. (This point should be of 
especial interest to a procuring agency.) 
The scope of this paper is limited to a 
study of air flow; it is not directly con- 
cerned with heat transfer and rating. 
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all pressures, except atmospheric, — 
. measured in inches of water. Total pr 


tion of oil-cooler flaps, or any other 


- the total pressure at the generator end 


| | open, and the total pressure is then only 


This line of Pressure-Volume Curve of a 


aS 


Pressure-Volume Curve of a 
Tube. . 


Pressure and volume flow in a t 


the sum ay the ae! two. In this pap 


sure is a measure of the total energy in 
the air stream, and velocity head, for ay 
fixed density, isa measure of the volume | of | 
air flowing. ; | 

For purposes of illustration, assume a 
specific blast-tube installation in a plane 
which is flying at a constant indicated air r 


speed, and further assume that the po 


dampers that might affect the flow [o} 
generator cooling air, remains fixed. t 


measured with the end capped so that no — 
air can flow. Now, let the end be partially 
uncapped so that some air can flow, and 4 
let the volume and total pressure at the — 
end of the blast tube be measured. This 
reading can be repeated for a number of — 
different volumes until the tube is wide 


the velocity head at exit. If now, the total 
head is plotted against the number of 
cubic feet of air drawn per minute, a ‘ 
curve will result, probably of the form 
shown in Figure 1, which is a parabola. | 
This curve has: been established piri a 


the science of A OS ies tha 
probably approximates one. 


Generator 


Experiment and theory alike demon- — 
strate that the pressure-volume curve of a 
generator is substantially a simple pa- 
rabola. Three such curves, determined 
experimentally, are shown in Figure 1. 
The curve for each. generator shows, for 
example, the pressure required to force 
any given volume of air through it. The 
three points where the three curves inter-_ 
sect the pressure-volume curve of the 
blast tube show the respective pee 
and volumes that will be obtained by each § 
generator. Thus the pressure and volume 
that each generator would receive from 
this blast tube can be determined without 


actually testing each generator with a 
blast sabe. 


ELECTRICAL — 


Pesan 
PCO 
en ea 
Bev Ne 
Beis Mal Net 
SG ane 
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VELOCITY HEAD, INCHES OF WATER 


Figure 2. Pressure-volume curves of Figure 1 
replotted as a function of velocity head 


‘GENERATOR BLAST TUBE 
TAPPED FROM AN 
OIL- COOLER TUBE 


(8) 


, : R=I-D 
He=0.5Hy He=O0.2Hy He=l.OHy ° Hp=0.0! Hy 
(c) (0) (2) fF) 


‘ Figure 3. Blast-tube arrangements. Effect of 


shape of the entrance 


The three generators for which the 


_ curvesareshownare actualaircraft genera- 


tors of different design which are in 
production use in aircraft today. None of 
them has an internal fan. The pressure- 
volume curve of the blast tube, necessary 


for purposes of illustration, was estimated 


~ 


Table l. Tested Values of Air-Flow Resist- 


ance, Ry, for Three Different Designs of Air- 


craft Generators 
(Based on a Two-Inch Blast Tube) 


Conditions 


Generator Generator Generator 
of Test A B iC 


Generator cold 


At standstill....... CoO, ca, Be9O. cigars xO} 
At 2,500 rpm....... Grae vtOlye dad eipmio oC 
At 3,500 rpm....... (fee hn canoe Wiaty aaa 2.90 
At 4,000 rpm....... ied Des CR EL any 2.91 


After carrying 75 
per cent load 
for one hour 


At 3,500 rpm....... TEM CLUS tye 6.45...:..2.98 
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| TOTAL PRESSURE HEAD AVAILABLE! 
J AT GENERATOR END OF TUBE 
oe ee eee 


Se 8 v2,.002 


TOTAL HEAD - INCHES OF WATER 
Be 


1 

: : 2 

Figure 4 (right). A com- 3° pressure 

parison of blast-tube speci- 5: PRE SSURE-VOLUME CURVE 
fications 7. PRESSURE-VOL 


since no experimental curve was available. 
However, the pressures shown for the 
three generators approximate the pres- 
sures which have been observed in flight. 
These curves show how unreliable it is to 
impress the same pressures upon different 
generators for comparative tests. For 
example, suppose six-inch total head is 
impressed upon all three generators for 
test. The volurres of air that would be re- 
ceived with six-inch bead applied are 
compared with the volumes received 


_ under flight conditions in the following 


table: | 
Test Flight 
pGeneratone An ce. tenis ele Bsr imesnencs 4 61 
biGencrator B..o0see Tr ZOO att te atte aie 64 
Generaton Gert, i 250s 3: OR Snecntar an eietars 78 


Thus generator C’would show 19 per cent 
higher temperature rise in flight than it 
would on laboratory test at six inches, al- 
though the tests on the other two genera- 
tors would be approximately correct. 


Alternative Method for Plotting 
Pressure-Volume Curves 


In Figure 1, total pressure has been 
plotted as a function of volume. In 
Figure 2, the curves of Figure 1 are re- 
plotted with total pressure as a function of 
velocity head rather than volume. The 
pressure-volume curves become straight 
lines, which fact is an important advan- 
tage of this method ofplotting. But much 
more important is the fact that, for all 
practical purposes, the curves of Figure 2 
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Gale nit .4 8 8.0 
VELOCITY HEAD - INCHES OF WATER © 


. PRESSURE-VOLUME CURVE PER SPEC, 95-32275 OF 3 3/42 
A VOLUME CURVE PER SPEC, ANG-1-13, MAR. 
« PRESSURE-VOLUME CURVE PER SPEC. PROPOSED IN THIS PAPER 
ALTERNATE PRESSURE-VOLUME PROPOSED ; 


CURVE 
ER 
OF GENERATOR B 


UME CURVE. 
UME CURVE OF GENERATOR C 


are independent of air density, hence inde- | 
pendent of altitude, whereas the curves of 
Figure 1 are valid for only one air density. _ 


This statement is merely another way of 


stating the familiar principle of hydraulics 


that the lost head is proportionaf to the 
velocity head. Figure 1 could be valid 


for all altitudes, however, if the abscissae _ 


were understood to be “indicated cubic 
feet per minute,” but the form of Figure 2 


seems to be more convenient. Another 


advantage of using and plotting velocity 
head is that, when a pitot tube is used, 
velocity head is the quantity that is actu- 
ally measured. Even if an air-speed in- 
dicator is used instead of a manometer, it 
is still velocity head which operates the 
instrument, though the scale is calibrated 
in miles per hour. é 


Calculation of Generator Pressures 7 


During Flight 


In Figure 2, the pressure head across ; 


generator A and the velocity head (indica- 
tive of volume) of the air supplied was 
determined by finding the intersection of 


the pressure-volume curve of the blast — 


tube with the pressure-volume curve of the 
generator, since the amount of head lost 
in the generator obviously has to be equal 
to that which is available from the blast 
tube. By using a concept of air-flow re- 
sistance, analogous to electrical resistance, 
this point of intersection can be calcu- 
lated easily without plotting the curves of 
Figure 2. For any generator, the ratio — 

head loss in generator _hy i 
velocity head at entrance =. Ibe a 


Ry (1) 


is a constant, substantially independent 
of the pressure applied. This ratio R,, 
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may be called the ‘‘air-flow resistance”’ of 
the generator. Similarly, the amount of 
head lost in a blast tube is proportional to 
the velocity head of the air flowing 
through it. Hence, the air-flow resistance 
of the blast tube may be defined as 


head lost in blast tube _ 


= 2 
velocity headin blast tube (2) 


The amount of pressure head available at 
the generator end of the blast tube must 
be equal to the head available at the scoop 
end, minus the head losses in the tube. 
_. The available head at the scoop end can be 
found by blocking the generator end of 
the blast tube and measuring the pressure 
h, at the generator end, since, with no air 
flowing in the tube, there will be no head 
lost in the tube. Then, since the losses in 


the tube plus the losses in the generator 


must equal the available head, it follows 
_ from equations 1 and 2 that 


he =hpRi+h,Ry <" (3) 
Ie : 

= a; 4 

? RitRe Y 


The pressure across the generator is 


hy = hR,= 


Soha ek es 4(5 
Rt ¢ | | (5) 


By way of illustration 


For the blast tube of Figure 2 
oe hai =1050 
R,=4.0 
For generator B, Rj =6.45 
from equation 4 

10= 
446.45 


=0.958 inch 


and from equation 5 


— Ig=hyR, =0.958X 6.45 =6.16 inches 


which agrees with point of intersection 
’ shown in Figure 2. 

Each blast-tube installation will have a 
different pressure-volume curve for each 
different indicated air speed of the plane. 
Likewise, if the generator blast tube is 
tapped off from a larger blast tube leading 
to an oil cooler, or intercooler, there will 
be a different pressure-volume curve for 
each position of the shutters in the main 
blast tube. Thus, the true performance of 
any given blast-tube installation can be 
represented by a family of pressure- 
volume ctitves, one for each significant 
flight condition. Each of these pressure- 
volume curves can be expressed, approxi- 
mately at least, in terms of two significant 
constants, h, and R; It is the author’s 
opinion that, in any given installation, it 
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is h, which will show large variations with 
changes in flight conditions, and R, will 
not vary greatly. 

Flight studies of blast cooling should be 
made to determine the pressure-volume 
curves of the blast tube, either for the 
minimum condition, or for a number of 
conditions, as desired. For such flight 
tests, it is suggested that the generator be 
replaced by a device which incorporates a 
pitot tube and means for opening or clos- 
ing the end of the tube in flight. Ifa 
series of flight tests are taken using a 
single generator, only a single point will 
be obtained on each pressure-volume 
curve. It is obvious that at least two 
points, preferably well separated, are 
necessary to establish a curve. For this 
reason, the author suggests taking open- 


end and closed-end readings, since these 


two readings establish the complete pres-_ 
sure-volume curve, or at least a fair 
approximation of it. More points could 
be taken, if greater accuracy is desired. _ 
However, regardless of the number of 
points taken, if the curve of pressure 


versus velocity head can be represented by — 


a straight line, this line can be represented 
by two constants h, and R, representing 
developed pressure and tube resistance, 
respectively. When #, and R,are known, 
and when the air-flow resistance R, of a 
generator is known, the total pressure 


across it, and the velocity head can be 


quickly and easily computed from equa- 
tions 4 and 5. From the velocity head, 
the volume and weight can be determined 
as indicated in the following paragraphs. 


Determination of Air Velocity, 
Volume, and Weight From h, 


For National Advisory Conitelieas for 
Aeronautics sea-level conditions of 15 de- 
grees centigrade and 29.92 inches mer- 
cury, it can be shown that : 


Um =8,967 VJ ho (6) 


(This equation is based upon an air den- 


sity of 0.07651 pound per cubic foot, water 
density = 62,37 pounds per cubic foot, and 
acceleration of gravity=g=32.18. It 
further assumes thatthe air is ircompress- 
ible.) At any altitude, where the density 
of the air is p pounds per cubic foot . 


_ 1,097 
Vp 


Or, in terms of temperature T (degrees 
centigrade) and atmospheric pressure b i im 
inches of mercury 


Vio (7) ; 


(270 yea 1) Vi (3) 
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W =242.8A +/hy pounds per minute 
at altitude . 
> . 4 i% 
W753. 4A 4h tas blo 13) 
( [734 -) ie st : 


values of h, and R, for the blast tube, he 


- plied to several alternative designs to 


air circuit must all be computed on the 


speed may be read in miles per hour, 
pressure altitude and temperature ni 
and the true air speed computed with a 
navigational flight computer. ata 

For all velocity-head measurements 
pitot tube should be in the center of 
pipe and should be preceded by a stra: 
section of pipe at least 10 diameters 
length. Average velocity in the blast t 
may be taken as 80 per cent of the maxi- 
mum a velocity ; and, if the sectional area of 


at sea level, is, from equation 6 


V =0.80 Xm XA =3,967 X0.80 * a 
AVWhy= =3,174A Vio 0) 


At altitude 
V=0.80XIm XA 


= ( 1,023 44 ae 


The weight flow of air, in pounds per 
* minute, is at sea-level 2 


any 


_ Thus, from the meastired velocity head 
h,, can be computed velocity, volume, and 
weight. If the generator builder is given 


only needs to determine the air-flow re- 
sistance of a new generator in order to 
compute the velocity head, and from it 
the volume and weight flow for this new 
design without waiting for a flight test. | 
Obviously, the same process could be ap- 


determine which one would be best in a- 
plane from the Pianos of effective 
cooling. — ; 


The Concept of Air-Flow Resistance 


_ Air-flow resistance has been defined in 
this paper in a manner analogous to re-_ 
sistance in an electric circuit, so thatit can 
generally be used in a manner analogous 
to the use of ohms in calculating d-c cir- 
cuits. For example, since the generator 

and blast tube are in series, their ‘‘air-flow — 
resistances” can be added directly. Buta | 
word of caution isnecessary. The air-flow 
resistances of all the elements in any given 


basis of the same diameter of tube at 
which the velocity head is measured. For 
example, the air-flow resistance of gen-_ 
erator A is 7.60 based on a two-inch blast | 


tube; if the diameter of the entrance were 


panzer to three inches without changing 


‘ 
nae BwomnenNe | 


ak 


the generator otherwise, the resistance 
would then be 7.60 (3/2)?= 17.1. 

Air-flow resistance has been used in a 
number of unpublished reports, defined 
in various ways. To avoid confusion, it is 
suggested that a name be applied to the 
unit of air-flow resistance as defined in this 
paper. Since this unit is so defined that a 
resistance of m units means a lost head of 
n velocity heads, the name ‘‘velhead”’ is 
suggested as appropriate. For example, 
generator A has an air-flow resistance of 
7.60 velheads based on a two-inch tube. 
’ If no tube diameter is specified, it will be 
generally understood that the resistance 
value is based on the actual diameter of 
‘the air entrance of the generator. 


Generators With Internal Fan — 


An internal fan will have the general 
effect of increasing the air flow. Let the 
pressure of the internal fan be denoted by 
hg. This pressure will be proportional to 
the square of the revolutions per minute 


and to the first power of the air density; | 


it can be represented by the equation 


N p 
URE a ree 13 
of x(25] ane ( ) 
or 
E (oN \2. 0.96265 | 
ee Sehe | Se 14 
off (3) X73 4T a 


where F,is an empirical constant. Physi- 
cally, it is the pressure developed by the 
fan at sea level at 1,000 revolutions per 
minute. This constant F, might be 
_ measured by blocking either the inlet or 
the outlet and measuring the pressure at 
the blocked end of the generator; readings 
should be taken at different speeds. 

* When supplied by a blast tube, the ve- 
locity head of air flowing may be com- 
puted from equation 4 by adding the fan 

pressure to the numerator or 


i 


= he+hor 


hy= 
Rr+ Ry 


(15) 

The volume can then be computed by us- 

ing equation 10 and the weight of cooling 

air by using equation 12. The total pres- 
sure h, across the generator is - 


Rghe ia Rihgy 


16 
RgtRz ( ) 


hig = Rghy— hg = 

Using these equations, it can be shown 
that if to generator B a fan were added 
capable of delivering 1.5 inches pressure 
at sea level, the volume of air through the 
generator would be increased seven per 


cent, but the pressure across the generator _ 


would be redtced from 6.16 inches to 
5.60 inches, a decrease of nine per cent. 
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/ 


(Without numerical values of the two con- 
stants of the blast tube, #, and R,, these 
calculations could not have been made.) 
It is obvious that the addition of the fan 
should increase the volume of air and de- 


ctease the pressure at the inlet of the 


generator; but to determine quantita- 
tively how great this effect is, it is neces- 
sary to know the two fundamental con- 
stants of the blast tube, h,and R,. 


Suggested Tests for Blast Tubes 


For a given installation, and for a given 
set of conditions, that is, for a given in- 
dicated air speed and position of the shut- 
ters in any air ducts associated with the 
generator blast tube, two readings are re- 
quired: an open-end reading, and a closed- 
end reading. A pitot tube is installed if a 
straight section of tubing 115/1¢ inches in 


diameter approximately 20 inches long;. 


the impact tube should be in the center of 
the pipe. The total-head connection of 
the pitot tube is to be connected to the 
pressure side of the manometer, or air- 
speed indicator; the static-head connec- 
tion should preferably be capped, and the 
exhaust side of the manometer should. be 


connected to the chamber into which the 


generator would discharge its exhaust air. 
Provision must be made so that the end 
of the blast tube can be either sealed tight 
or opened wide during flight, at will. For 
each significant set of flight conditions, 
two readings of the blast tube are to be 
taken, as follows: 


(a). Closed-end reading, h,=total pressure 
head above generator air discharge chamber, 
in inches of water. \ 
(b). Open-end reading, h)=total pressure 
head above generator air discharge chamber, 
in inches of water. Record actual inside 
diameter of the pipe at the location of the 
pitot tube. 


| These tests are similar in principle to 
the classical open-circuit and short-circuit 
tests so frequently taken on various kinds 
of electrical machinery. The two blast- 
tube constants can be readily computed 
from these two readings as follows: 


he = he : (17) 


_ hea ho 


le (18) 


Ry 
h, is a velocity head since the static head 
when the tube is discharging freely, is 
zero. The altitude at which the plane is 
flying for these readings is not particularly 
important, since the density of the air 
should not affect the test results appreci- 
ably. If the velocity of air in the blast 
tube is desired for some reason or other, 
‘it may be determined from equation 8, 
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he Re fg Rg ake 
en) | FEET, 
hy 58 Ec Eg 
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No Fen in the Generator 


Closed-end head =h- 
Blast-tube resistance =Ry 
Velocity head of flow =hy 
Generator resistance =Rg 


E, =open-circuit volts 

R: =line resistance. 
| =current 

Rg =load resistance 


=_he Es 
Rit+Ry RitRg 
Roh RoE. 
hg =hoRg =~” Eg =IRg=—7 ~ 
2 ESE RistRe 0 eRe Re 

734-5 

Rt be 

hg hgf 3 


With Internal Fan in the Generator 


= = 


hp —he thas / _Fe +Eof 
Re-+Rg Re+Ro 
hg=hvRg—hoy Eg =IRg—Egz 
ue Rohe—Rehot an RgEc—ReEor i 
Ri+Ro ~ Ro tRe 
Note: If hg is —, gen- Note: If Eg is —, Eog 


helps overcome Rr as well 
as Rg, and more current 
would flow if terminals 
Eg were short-circuited. — 


erator fan helps overcome 
Rtas well as Rg, and more 
air would flow through 
generator. if blast tube 
were removed from gen- 
erator. 


Figure 5. Electric circuit analogue 


the volume from equation 10, or the 
weight from equation 12. 


Tests to Determine Air-Flow . 
Resistance of Generators 


Generator air-flow resistance can be 


_ measured in the laboratory by applying a 


total head, h,, to the generator air inlet, 
and measuring the velocity head, hy), in 
the blast tube. The air flow resistance of 
the generator is: 


Rg =hg/Nog (19) 


? 


Values of R, were determined. experi- 
mentally by G. G. Setterlund, who ob- 
tained the results shown in Table I. _ 
These results indicate that there is some 
variation in air-flow resistance with tem- 
perature and with speed and, although 
these changes are comparatively small, 
it is recommended that the air-flow re-_ 
sistance be measured at conditions ap- 


Table Il. Air Pressures on Generators During” 
Flight 


(Reference, Figure 4) 


Gen- Gen- Gen- 
erator erator erator 
A B Cc 
According to curve 1..... 10 Bae OTe 
According to curve 2..... 1G oe cee 
According to curve 3..... 6.56...) 6.17. 428 
According to curve 4..... 6.33. 6.10.,.4.79 
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proximating full-load temperature and 


normal operating speed. 
If the generator has an internal fan, the 


pressure /,, from it at normal operating 


speed should first be measured by blocking 


the inlet or exit. Then, with the machine 


_ operating at the same speed and at approxi- 
mately full-load temperature, impress a 
head f, and measure the velocity head 
hy of the inlet air. The air-flow resist- 
ance will be: 


hg a hog 


iS (20) 


R= 


This value of Rg willinclude the resistance 
of the internal fan, as it should, 


Factors Affecting h, 


If the air scoop were out on a wing 
where it was unaffected by the slip stream, 


_ as pitot tubes for air-speed indicators are, - 


and if the air from the blast tube were 
discharged to atmospheric pressure, h, 
would be simply the airplane pitot pres- 


_ sure, which is the same for all planes. It 


would be approximately 


, f 2 oe 
ee (wis miles per newt) (2 ) 
45.1° 
: (For high air speeds, h, would be slightly 
more than indicated by the above.) Ifthe 


scoop is behind the propeller, h, could be 


considerably above airplane pitot pres- 
_ sure. However, if the back pressure in the 
' air discharge chamber is substantially 
above airplane static pressure, as tests 
_ indicate it oftenis, the net pressure h, may 
be either greater or less than airplane 
pitot pressure, that is, greater or less than 
would be,indicated by equation 21, An 
ideal arrangement would be a short tube 


with a minimum number of bends, with a 
curved-funnel scoop directly in the pro-— 


peller blast, as shown in Figure 3A. 
Quite different is the arrangement 
_ shown in Figure 3B where the generator 

_ air supply line is merely tapped into a 
larger blast tube supplying the oil cooler, 

intercooler, or both. In this case, /, will 
depend not only upon the speed of the 
plane, but also upon the position of the 
shutters; 1, will be greater when they are 
closed than when they are open. The 
quantity /, can be increased some by use 
of a scoop at the entrance to the genera- 
tor tube to take advantage of the velocity 
head of the airin the main duct. For this 
arrangement, the worst condition is with 
shutters wide open and plane flying at 
minimum speed. 

If a flexible air tube is used, there may 
be considerable air leakage, which will re- 
duce appreciably the observed values of 
h, and hy. 
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aircraft generators. 


Factors Affecting Rr 


The air-flow resistance of the blast tube, 
R, takes into account the head losses in 
the blast tube including entrance losses. 


Numerically, it is equal to the number of 


velocity heads lost in the tube. The 
losses consist principally ‘of: entrance 
losses, fluid friction at the sides of the 
tubes, losses in elbows or bends in the 
tube, and losses from changes in cross-sec- 
tional area of the tube, if any. The loss 
at the entrance is affected by the shape of 


the entrance. Figures 3C to 3F show dif- 


ferent shapes of entrances and the prob- 
able head loss due toeach. (These are the 


head losses usually obtained when a con- 


stant static head is maintained at the en- 
trance; whether or not the same losses 


are obtained when the tube itself is moved ° 


against the air is problematical, but it 
seems reasonable to suppose that these 
figures do afford a comparison of the rela- 
tive effects of different shapes of entrance, ) 

In general, in any fixed plane installa- 
tion, the tube resistance R, probably does 


not change greatly with changes in plane 


speed or changes in shutter position. 
However, there may be an exception in 


_ the case of an installation such as Figure - 
8B if the amount of air drawn by the ~ 


generator is an appreciable part of the 
total air, because the air drawn by the 


_ generator will increase the drop between | 
the entrance of the main scoop and the’ 
(Thus; 


entrance to the generator tube. 
with shutters closed, both h, and R, may 
be higher than when the shutters are 
open. 


Blast-Tube Specifications 
 Pressure-volume: curves corresponding 
to four different blast-tube specifications 
are given in Figure 4, together with pres- 
sure-volume curves of three representative 
Curve 1 illustrates 
specification 95-32275, amendment 2, 
dated March 3, 1942, which specifies ten 


inches total pressure, butnotover 100cubic - 


feet per minute; the vertical line is drawn 
at a velocity head corresponding to 100 


cubic feet per minute. Curve 2 illustrates 
specification ANG-1-13 which specifies six - 
inches of water, with no limit on volume. 


No blast tube could have a pressure- 
volume curve corresponding to either 
curve. Curve 3 is the pressure-volume 
curve repeated from Figures 1 and 2 of 
this paper. Curve 4 shows a different idea 


as to what the true pressure-volume curve. 
According to these specifica- 


may be. 
tions, the pressures received by the three 
generators in flight will be indicated by 
the points of intersection (Table II). 
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‘Then, according to, tines. 
- the pressures impressed on th 


-above the ambient air pressure in the 


reading is being taken, the blast tube 


sucha specification would be of advant 
toa procuring agency when any new gen- — 


representative installations will be ob- 


- fications can be based on actual conditio 


| areas seat, or longer | ee 


Do Aten 


for chamber tests should be accor 
the table. 


Soatane it is- sonseeted that the S) 
fication for a two-inch diameter blast 
might be worded somewhat as follows: 


The blast tube shall be designed to de 

for any condition of flight, a total pres 
head at the end of the blast tube of at iY 
ten inches of water when the end is closed — 
and at least two inches of water when the — 
end is not restricted. This pressure h 
shall be the total head at the end of the 
erator compartment. When the open 
be discharging its air into the gener 
compartment and the pitot tube shal 
in the center of a two-inch-diameter straight 
pipe preceded by a straight length of ten or 
more diameters. 


Bick a sreaimeatinn would be flere 
pact and rey to a generator 


what air pressures oid “Olina uN gen- E | 
erator would receive in flight. Moreover | 


erator was received ae it Dae 


foeons determine the pressure ser vo 
the generator would receive in flight, with- 
out actually making a flight test. This 


tory chamber tests. oneal: it is to be 
hoped that pressure-volume curves for 


tained by actual flight.tests so that s 


It should be emphasized here, that 
there is no magic figure for the air require- 
ment for any generator; in general the 
more air it gets, the better will be the 
performance, which may show up in the 
form of more load capacity, particularly at 
a high altitude, lower temperature rise, 


Conclusions and Remarks 


Fundamental theories of bienen 
cooling have been developed and their use ~ 
explained. The problem of blast cooling 
ig broken down into two parts: a study of 
the blast-tube installation itself, and an 


_ independent study of the generator itself, 
‘It is shown that the performance of tke | 


blast tube can be expressed in terms of two 
factors: internal pressure h, (that is, 
pressure available with no flow) and air- 
flow resistance R;, a quantity analogous] 
to ohms in a d-c circuit. Values of these © 

3 i ee ae 
two sms which vary pep 53 . 
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pending upon the installation, upon plane 
speed and other factors, are all that is re- 
quired to predict the air flow through a 
generator which has been tested inde- 
pendently of the blast tube. Tests on the 
generator alone can be made to yield, in 
the case of a generator with no internal 
fan, a single constant, the air-flow resist- 
ance Ry. If the generator has an internal 
fan, more tests are required on the gen- 
erator to determine the characteristics of 
this fan, but no more tests are required on 
the blast-tube installation. In general, 
the method of attack is: first, the air-flow 
resistances of the generator and blast tube 
are obtained; second, the velocity head of 
air flow is computed from the closed-end 
pressure and resistances; third, the veloc- 
ity, volume, and weight are then com- 
puted from the velocity head. 

A more rational and illuminating 


‘method of specifying the minimum char-- 


acteristics of a blast tube is proposed. 
The new method of specification would 
provide the airframe builder with a clear- 
cut specification which could be used for 
design and checking of the blast tube, it 
would provide the generator builder with 
a rational basis for designing his cooling 
system in the generator for maximum 
effectiveness, and, further, would provide 
a simple method for determining what 
pressure to apply to any given generator 
for sea-level tests, either at atmospheric 
pressure or in an altitude chamber. 
The equations developed for blast-tube 
cooling are compared with similar equa- 
tions for electric circuits in Figure 5. 


Symbols | tes 


A =cross-sectional area of blast tube at 
pitot-tube location, square feet. 
6 =atmospheric pressure of air, absolute, 
in inches of mercury. 
F, = pressure coefficient of the internal fan 
of a generator. See equation 13. 
H,=lost head (Figure 3). 
h, =total head across the generator, inches 
of water. 
hgy=pressure developed by an internal fan, 
inches of water. See equation 13. 

_ he=total pressure head at generator end of 
blast tube above meneraror -ambient, 
end of tube closed. 

h,=total pressure head at generator end of 
blast tube above generator ambient, 
end of tube wide open and eee 
structed. 
hy=velocity head, in inches of water. 
hng=velocity head in. blast tube when 
supplying air to a generator. 
N=revolutions per minute of the genera- 
tor. 
Pee tanner dune of air entering blast tube, 
in degrees centigrade. 

R, =air-flow resistance of a generator. 

fined in equations 1, 19, and 20. 


; De- 
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Aids for Qluslity Control in the 


Manufacture of Aircraft Generators 


F. M. POTTER 


NONMEMBER AIEE 


° 


IRCRAFT generators are designed 

for high output, low weight, small 
size, and wide speed range. These limita- 
tions require close designs which do not 
permit normal allowances for material 
and manufacturing variations. Small 
variations in the material and manu- 
facturing processes result in wider varia- 
tions in output characteristics than in 
conventional machines. 

It is tke purpose of this paper to dis- 
‘cuss certain of these variations; their 
effect on the output characteristics of the 
‘machine, and to illustrate means of 
checking and controlling these factors. 


Factors Affecting Output 
Characteristics © 


1. Shunt-field ampere turns available, com- 
pared to those required by the magnetic 


circuit, determine the Base" or Be cerauees, 


characteristic. 


2. Type of insulation, heat transfer eee 
ficients, shape and size of cooling ducts, 
and the amount of cooling air taken through 
the| generator determine the losses which 
can be dissipated; and in turn, the output 
rating. ‘ 


. 3. Commutating ability, generator sta- 
_ bility, temperature rise, and mechanical 
construction determine the top operating 
speeds. 


Variations Affecting Required 
Shunt-Field Ampere Turns 


| .For a required total flux, shunt field 
ampere turns are affected by the follow- 
ing: 

1. Variations in air-gap length. 

2. Variations in iron portion of ee mag- 
netic circuit. 

(a). Magnet frais rendeautliey: 

(b). Main poles—stacking factor and per- 
meability. 


(c). Armature Hsing Sackian factor 
and permeability. 


i 


3. Variations in compensation-of armature 
reaction. 


Variations Affecting 
Temperature Rise 


The temperature rise of an aircraft 
generator depends mainly upon: 


1. The total losses. 
2. Theamount of cooling air. 


3. The effectiveness’ of this cooling air; 
that is, where it goes and the area of wind- 
ing surface it wipes. 


Variations in Final Machines— — 
Testing Technique 


The assembled generator combines all 
the variations of its individual parts and 
then is subject to the variations of testing 


technique, which, when broken down, 
consist of: 
strumentation, and the human element. 


Variations in Air Gap Length 


In the General Electric type P-1 air- 
‘craft generator rated 30 volts, 200 am- — 
peres, 2,200/4,500 rpm, forced-cooled, 


six-inches-water air pressure, approxi- 


_ mately 70 per cent of the shunt field 


ampere turns are consumed in the 


nominal air gap. This part of the mag- — 
netic circuit, therefore, warrants all possi- — 


ble control of its variations. 

Drawing tolerances, consistent with 
manufacturing capabilities and engi- 
neering requirements, permit a normal 
variation in the air gap. In addition to 


Paper 44-83, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
North Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944. Manuscript submitted 


February 17, 1944; made available for printing 


March 138, 1944. 


F, M. Potter is in the aircraft generator division, 
motor engineering department, General Electric 
Company, Lynn, Mass. 


R,=ait-flow resistance of a blast tube. 


De- 
fined in equation 2. 


- ?%m=maximum velocity of air (at center of 


blast tube) in feet per minute. 


V=volume of air flowing, in cubic feet 
per minute. 
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W=weight of air flowing, in pounds per 
minute. 
p=density of air, in pounds per cubic foot. 
po=density of air at NACA sea-level condi- 
tion (15 degrees centigrade, 29.92 
inches of mercury) =0.07651 pound per. 
cubic foot. 
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brush fit, brush setting, in-_ 


Equipment for determination of gaps 
between magnet frame and main poles 


Figure 1. 


_ the expected variations are the unex- 


pected and undesired variations due to 
faulty manufacture and assembly of parts. 


. It is these undesired variations which are 


age showing on the instrument if the 


° 


eliminated by means of a special device 
termed a “‘gap checker.” See Figure 1. 
‘In reality this device searches for and 


locates gaps between the main poles and 


the magnet frame. 
‘The “gap checker” works on the bridge- 


Cireniit “principle, using either flashing _ 
direct current or low-frequency alternat-_ 
ing current as a source of power for the 


excitation coil. Intimate contact with 


the poles being checked is obtained by 


making the radius of the leg faces equal 
to that of the pole bore, and then support- 
ing the entire weight of the field assembly 
from the contact faces. : 

If the total flux divides anit be- 
tween the two parallel paths, the voltage 
induced in each of the bridge coils will 
be the same, and since they are connected 
opposing, no voltage will be read on the 
instrument. This indicates that both 
poles being checked are identical with 
regard to contact with the frame. 

' The air gap on the side opposite the 


~ poles being checked is large so that varia- 


tions on this side of the field assembly 
will have little or no effect on the flux 
division in the legs of the device. 
Experience in using this “gap checker 
shows that there is usually a small volt- 


poles have a normal fit against the frame. 
The center-zero instrument is therefore 
blocked off in red except for a small por- 
tion around the zero. If the needle goes 
into the red portion, one of the poles be- 
ing checked has a gap in back of it. To 
determine which of the poles has the gap, 
the frame is rotated one pole pitch and 
the test repeated. If the high reading 


‘still exists, the pole of the original pair 


still being tested is the one at fault. If 
the high reading no longer exists when the 
frame is rotated one pole pitch, then the 
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_ punching - perme- 


Test equipment for determination of 


Figure 2. 
magnet-frame permeability 


' Figure 3. Equipment for spot-checking main- = 


pole stacking factor and permeability 


f 


Figure 4. Armature- q 


ability et 


faulty bates is that one of the Seieaal pair- 


which is not in the second pair. 

Strictly, this device is a comparator, 
comparing the magnetic circuit of ad-— 
jacent main poles. The use of such a 
device is based on manufacturing ex- 
perience which shows that in those field 
assemblies faulted for this cause, there is 
usually only one faulty pole and seldom 
if ever more than two. 


- Variations in the Iron Portion of 


the Magnetic Circuit 


MAGNET FRAME i ity; 


During these wartime conditions, it 


» has sometimes been found necessary to 
accept inferior and variable magnet- 


Figure 5. Equipment for preliminary test of 
armatures 
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~ 


' 


terial to be extremely variable i ini 


, it definitely bad, and some of ma 


' properties of the frame material. 


grees apart. ~ Field coils ee 


4 The armature is directly connected to : 


“closed and a specified field current set 


w= 3 be ‘ te 4 
s 4 = ee “a” + 
‘ y . Lf , % > i 


frame materials in order to keep the 
duction lines going. I y test 
several samples have shown the frame 


ia 


netic properties, some of it good, 


properties. A laboratory test of 
frame is obviously a production i 


possibility. j “oe 


The Geis ees pee in F ig 


production line checks of. the nue 

The “frame tester” consists of a stand- 
ard P-1 generator armature supported in 
a structure which includes one fixed ma 
pole and one movable main pole 180 d 


cited supply the required ampere 


driven at constant speed by a on 
‘quarter- “horsepower ~ induction motor. 
The voltage generated in the armature 
picked up by a pair of brushes and r 
with a standard d-c voltmeter. se 

To check a frame, it is necessary 
take only one reading. The frame to 
tested is slid into position. Then, with 
the armature running, the field circuit is 


The armature voltage is then r ad, 
This reading is indicative of the magnet) 
frame permeability. . 

The value of this ‘frame tester”? 
that poor material is rejected at the 
earliest possible stage in the manufactu 
ing cycle; that is, immediately after 
the boring and turning operation. - 


Figure 6. 


/ 


~ Current-balance test equipment 


ELECTRICAL 


ese 


LAIN PoLes 


Rigid adherence to specifications ia the 
vendors of magnetic sheet steel, careful 
laboratory checks of all shipments re- 
ceived, and accurate control of annealing 
processes have resulted in little or no 
trouble magnetically in main poles. | 

However, as a guard against any 
trouble which might arise due to sub- 
standard poles, and thus interfere with 


production, the equipment shown in. 


Figure 3 was made for making spot 
checks on various lots of poles. 

The “‘pole tester” is similar in principle 
to the “frame tester’”’ in that a voltage 


’ 


‘generated in a standard armature at a 
definite value of field excitation is the 
criterion for a passable pole. In this 
device the pole to be tested is slid through 


the opening in the mounting flange and, 


screwed into position opposite a fixed 
pole around which the exciting coil is 
mounted. . Poles to be so tested are 
ground toa definite radial length so that 
ait-gap variations will not enter into the 
- result. 


ARMATURES AND ARMATURE PUNCHINGS 


In addition to standard laboratory 
tests on magnetic sheet steel for armature 
“punchings, it has been found desirable to 
make spot checks of armature punchings 
after the annealing process. The anneal- 
‘ing process is of course an important 
operation and if done improperly, the 
punchings will not equal the SN 
Spacnetic values. 

An AE CeO eas tester’’ is 
shown in Figure 4. A single armature 
punching makes up the magnetic circuit. 
Low-voltage 60-cycle alternating current 
obtained by means of a Variac trans- 
former and a current transformer is ap- 
plied to the one-turn winding through 
and around the core section of the arma- 
ture punching. For a specified exciting 
curtent, the voltage induced in a five-turn 
secondary, which is proportional to the 
flux carrying properties of the punching, 


isread. Comparison of this reading to a 


minimum standard for the particular 
thickness of the punching indicates 
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. 


whether the incking | is up to epeciiied 
requirements. 


Figure 5 shows equipment known as an 
“armature tester.’ This equipment 
consists of a pair of short poles mounted 
on a bed plate together with a pair of 
brush holders and brushes, a: fixed ball- 
bearing holder on the drive end, and an 
adjustable ball-bearing holder on the 


opposite end which permits the device 


to be used for testing six-pole armatures 
of various heights of iron. 


To test an armature, lapped ball bear- 
ings are placed on the armature shaft, 
the armature put into position, and the 


Figure 7. Shunt- 
field-coil mold and 


short-circuit tester 


Figures 9A and 9B. 

Shunt and commutat- 

ing coils, before and 
after molding 


A) 


drive shaft brought into engagement 
with the inner splines of the armature 
shaft. The motor is then started up, a 
definite exciting current applied to the 
field coils, and the voltage generated by 
the armature read. If the voltage reading 
is below a specified value, the armature is 
rejected. 

By means of this device, the following 
faults are determined: 


‘1. Poor magnetic properties of the stacked 
core. 
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-sparkless or 
throughout the speed and load range. 


2. Wrong connections of the armature 


_ winding. 


8. Short circuits in the armature winding. 


Variations in Compensation of 
Armature Reaction and Interpole 
Strength 


The armature reaction per pole at full 
rated current of the General Electric type 
P-1 aircraft generator is 960 ampere turns 
as compared to a maximum of 480 am- 
pere turns in the shunt field. Pole face 
or compensating windings are therefore 
used to neutralize partially the effect of 
the armature reaction. Interpoles and 
interpole windings are also used to obtain 
“black’”’ commutation: 


These windings are connected in three 
parallel circuits, each circuit consisting 
of two commutating and two compensat- 


_ ing coils in series. 
To obtain the full benefit of these com-_ 


pensating- and commutating-pole wind- 
ings, it is necessary that the three parallel 
circuits balance and that the load current 
divide equally between them. ° 


Due to difficulty in accurately measur- 


ing these low-resistance circuits, a check 
of actual current balance is taken by 


means of the special setup shown in 


Figure 6. A small arc welder supplies 
approximately 75 amperes and the divi- 
sion of this current between the three 


field circuits is simultaneously read on the 


three ammeters. Limits of unbalance 


have been set beyond which fields are re- 
jected. This test has proved its worth 
to the extent that two such stations are ~ 
used, one before the field is impregnated, 


and the other just before the field is 
assembled into the final machine. 

At the first station, that is, before the 
impregnation treatment, immediately af- 
ter the current readings balance are taken 
and with current still flowing, a polarity 
check of the windings is made by use 
of a compass. 
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Variations Affecting Temperature 
Rise melt oy ee ee 


In a forced-cooled aircraft generator 
practically all of the losses are carried 
away by the cooling air. It is, therefore, 
of paramount importance to obtain the 
maximum possible amount of cooling air 
through the right passages and to have 
this air wipe the maximum area of wind- 
ing surface, 

The General Electric type. P-1 genera- 
tor has been designed with several ducts 

through the field and with the maximum 
area of winding surface exposed to the 
cooling air. These ducts result naturally 
when the shunt and commutating coils 
occupy their allotted space. In order 


Sto maintain uniform air ducts through 
the fields, it is necessary to. shape the 
shunt coils and to compress and mold 


« 


them to a definite size. To do this, these 

coilsafter being wound onstandard winding 
_. machines are impregnated in a molding 

varnish, pressed and baked in heated 
- molds as shown in Figure 7. 

‘Coils, when removed from the press 
and while still hot, are checked for short 
circuits on the “short-circuit tester’ 
shown also in Figure 7. This device is a 
sensitive bridge circuit operating on 60 
cycle power. A short circuit in the coil 
unbalances the magnetic field causing 
the instrument needle to deflect. 

Figure 8 indicates still another check- 
ing station, this time a “turn counter,” 
Shunt field coils which have passed the 
“short-circuit tester’ are checked for 
proper number of turns by balancing the 
voltage generated in the coil undergoing 
test to that of a standard coil. The in- 
strument is marked off to permit coils to 
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_ Figure 10. Field air-flow measuring instrument 
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iS Voter ee) HOME hae a. 
is termed a “back turn 1 
onto the insulated pole. Tihaa woun d 
poles are then placed between hota $- 
ing plates, pressed to definite dim 1sic 
and baked to set up the special therr 
setting varnish on the glass’ covered wi e, 
Figures 9A and 9B show shunt and 
commutating coils before and after mold- 
ing. Note also the portion of the co 


- winding. This is the frame side of the 

pole, and when the pole is assembled into 
the magnet frame, an air duct is obta: 
between the frame and the under side o 
the commutating pole winding. Suc 
- molded shunt and commutating coils a 
provide an air duct between the sht 
and commutating coils. 


Manufacturing variations may reste 
in too little air flow through the field. 
A “field-air-flow measuring instrument” - 
as shown in Figure 10 was therefore de- 
signed in order to check the air passages 
through the field. The instrument is 
located in the production line at an early 
stage in the manufacturing cycle, where a 
field can be easily repaired if it has been 
rejected for restricted air Reese 4 

The “‘air-flow instrument”’ consists of a 
blower which forces the air through a1 
air-flow-measuring box shown under the 
table. A short pipe connects the ex- 
haust of the box to the flange on which 
the field assembly is hers os oe. Basan 


Figure 11. 


passages in the field. 
To make use of this instrument, a fielc 

. assembly to be checked is placed over the — 

; i dummy armature and rested upon the, 

pass with plus or minus one e turn from the flange. A static pressure of 2.5 inches 0 

standard. water, measured in the pipe just below 

pe inate coils : are oda in what the flange, is set, and the differential 


Figure 12. Motor run-in stands 


Figure 13. Genera- 
tor test stands 
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Figure 14. Shunt-field temperature-rise curve 


_ pressure across the orifice in the air- 


_ proximately the correct position. 


flow box is read. This reading deter- 


mines the air flow through the field. 
‘Tests have shown that by means of this 


_ device, the temperature rise of any field 
can be quite accurately predicted. 


Variations in the hice 
Generator 


The assenibled generator combines all 
the variations and tolerances of its indi- 
vidual parts. It is only by diligently and 
resourcefully controlling, the variations 


of these component parts that consistent | 


generators are manufactured. | 

The assembly and final test of the 
completed generators bring out the in- 
consistencies and reject those generators 
which do not meet specification require- 
ments. Here again, however, variations 
arise in the tests themselves. 
variations can be controlled by: 


1. Proper supervision and instruction of 


the testers. : 


2. Proper instrumentation. t 

8. Proper brush fit and correct brush set- 

‘ting. ; 
Figure 11 shows a “‘brush-seating ma- 

chine” which is a very definite aid in ob- 

taining excellent brush fits in a short time. 

Brushes as received from the vendor are 


; ground to approximately the correct 
_ radius. 


The brush rigging with the 
brushes in place is assembled with the 
field and endshield, all screws are tight- 
ened, aid the brush rigging set in ap- 
The 
“brush-seating machine’ is then used 


to obtain a nearly perfect brush fit. The f 
combined assembly; field, brush rigging, 
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‘to perfect the brush fit. 


Testing - ; 
_ Final Test 


Figure 15. Vibration test stand 


hh ‘ { 


and endshield is placed over the arbor. 
The brushes are placed in their respective 
holders onto the grinding arbor, and held 
in their normal position by the brush 
springs. The exhaust hood is dropped 
over the endshield, the motor started, and 
allowed to drive the grinding arbor in the 
normal direction of rotation for ap- 
proximately 15 seconds. At the end of 
this time, the brushes are properly fitted 
and very nearly polished. 

The abrasive for this fixture is crocus 
cloth. The diameter over the crocus 


cloth is equal to the nominal diameter of — 


the commutators. Very little of the 


brush is removed during this operation, 
the maximum amount ever experienced — 


being not over 0.010 inch. 
Figure 12 shows a pair of motor run-in 


stands where the generators are run as 


motors for approximately five minutes 
Occasionally a 
machine requires the application of a soft 
“brush-seater’’ to obtain the required 
brush fit. Here, also, electrical or so- 
called “‘inductive neutral’ is located, and 
the brush rigging set in this position. 
The generator is then sent on to the final 
test. 


. Figure 13 shows a group of test stands 
where the generator receives its final 
tests. These final tests consist of the 
iyraees 

1. Setting of final brush positon 

2. Base-speed heat run. 

3. Regulation at base and top speeds. 


4. Commutation check at ‘top speed, full: 
load. / 


5. bien test. 
6. Repeat of number 4. 


7. Vibration dare Ta Arata run as a 


motor. 


8. High potential test. 


Because of certain unique features, two 
of the tests listed will be discussed briefly. 


‘ 
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Base-Speed Heat Run 


All generators are subjected to a base- 
speed full-load heat run, the duration of 
which is either 20 minutes or until tem- 
peratures and field current readings have 
stabilized. Test limits for 20 minute 
runs have been established whereby a 
generator having a temperature rise of 
X degrees centigrade at the start of the 
heat run must not exceed Y degrees centi- 
grade temperature rise at the end of 20 
minutes, or more than a certain value of 
field current; otherwise, the heat run 
must be continued to the stabilization 
point. These limits of temperature 
rise for 20 minute heat runs are shown in 
the form of a curve in Figure 14. This — 
curve is the result of a large number of 
tests and assures that any generator 
meeting the 20 minute heat run limits will _ 
meet the limits for ultimate heat runs, 

To obtain consistent and accurate heat — 
run data, each test stand is equipped with — 
identical blast tubes and covers as shown — 
in Figure 13. All voltmeters, ammeters, — 
air-pressure gauges, and speed tachometers | - 
are carefully checked, and recalibrated, — 
if necessary, at least once a week. 


Vibration — ak ph ee 


Vibration or aldose readings are taken 
on each generator after the completion of | 
tests. With the generator mounted in 
the ‘‘vibration stand” as shown in Figure — 
15 and running as a motor, actual vibra- _ 


tion readings are taken at each end of the — 


generator by means of an electric vibrom- _ 
eter. ma 
The vibration stand itself consists of a — 
somewhat flexible steel table on which is 
mounted a heavy steel plate insulated 
from the table top by means of pai 
rubber pads. The generator to be tested — 
is mounted on a felt pad in a me shaped 
wooden block which in turn is insulated — 
from the steel plate by means of sponge 7 
rubber pads. The electric vibrometer is 
mounted directly on a heavy steel block. 
The design and construction of this 
equipment eliminates external vibrations — 
and well insulates the generator from ths . 
vibrometer. 


Conclusion 


Certain devices and means have been 
shown which are definite aids to quality 


control in the manufacture of aircraft 


generators. New problems will require 
new aids. This is but one of the many 
tasks of the engineer today. 
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Behavior Fr | of Rectifier Deiven® 
D-C Motors | 


VICTOR SIEGFRIED 


MEMBER AIEE 


Synopsis: In the rapid development and 
application of rectifiers to drive d-c motors, 

~ certain factors which influence the behavior 
of the motor may require unaccustomed con- 
‘sideration. The pulsating nature of cur- 
rents which may be encountered introduces 
‘departures from conventional treatment of 
(1) heating value of the current waves, (2) 

' stresses upon the insulation and commu- 
tator resulting from high peaks of voltage 
involved, and (3) torque pulsations tending 
to produce vibration and noise. 

Analysis is made from experimental and 

* theoretical approaches of possible ratios of 
the heating values to be expected with 
typical wave shapes applied to electronically 
driven motors. The ratio of effective to 
average values of current varies with the 
load on the machine and with the number 
of tubes used in the rectification process. It 
is shown that the problem is most acute in 
machines of smallrating where mechanical 
‘inertia is low and where tube capacities 

would permit the use of but one or two 
tubes for economy of materials. This 
situation may require “‘overmotoring” an 
application in order to allow the required 
thermal capacity. Vibrations which will 
otherwise show up in undesirable effects on 
the driven machine, and noise, would also 
dictate the use of larger machines than 
necessary with conventional d-c practice. 
The conclusion is drawn that factors not 
at first apparent must be considered in the 
application of the rectifier drive, and that as 
many phases as practicable are desirable 
in the rectifier. 
AS 
HE electronic rectifier is currently 
achieving considerable prominence as 

_asource for d-cmotors.!~> It has many 
advantages over both fixed- and variable- 
voltage generator systems in the reduc- 
tion of critical materials and elimination 
of rotating parts in the conversion proc- 
ess, Furthermore, its ease of control 
by means of the grid-phase-shifting sys- 

tem of the thyratron or the ignitron sug- 
gests many applications where new re- 
sults can be secured, 

In the use of phase-controlled rectifier 
sources for d-c motors, considerable atten- 
tion must be given to the wave shapes 
of the currents supplied to the machine 


Paper 44-86, recommended by the AIEE committee 


on electrical machinery for presentation at the AIEE ' 


North Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944. Manuscript submitted 
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and their effects on it. Whereas con- 
tinuous and direct currents have long 


been considered synonymous, there sis 


introduced a new concept of direct 
current which may be pulsating but still 
continuous or even may be discontinuous 
for large fractions of a cycle. These 
differences from the continuous and sub- 
stantially steady values encountered in 
Conventional d-c practice produce far- 


‘reaching and sometimes surprising ef- 


fects. They show that the rectifier is 
not inherently a panacea for all ills, but 


rather introduces problems of its own 


which can be met and conquered if 
recognized. 


Nature of Brobleme 


The controlled rectifier is inherently 
a phase-angle-control device which de- 


lays the beginning: of current flow to a 


predetermined point in the cycle of 
alternating voltage applied to the tubes. 
For single-tube half-wave rectifiers, the 
result is pulses of current which can never 
be continuous but will always be less than 
one-half cycle in length. With two tubes 
in a full-wave rectifier, the current pro- 
duced will be pulsating but seldom can 
be continuous. In polyphase systems 
with three or four tubes the voltages will 
overlap and the currents can become con- 
tinuous when the rectifier is turned full 
on. With six or more phases, the possi- 
bility is reduced that phase control will 
produce discontinuous currents for any 
but the lowest of output levels. With 
sufficient number of tubes, the current 
pulses of the individual tubes are 
smoothed out, and the resultant current 
approaches the steady value of generator- 
produced current. 

-Thus the region in which these prob- 
lems are encountered is confined to recti- 
fiers using only a few tubes and in which 


the output is either discontinuous or else — 


contains an appreciable ripple component. 

There are a number of methods, in- 
herently expensive, for filtering this out- 
put to make it smooth by the time it 
teaches the motor. Combinations of 
inductance and capacitance are required. 
Inductance in the machine may help as 


in the field circuit, where the machine 
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_ Effects on Motor 


which is larger due to stray-load-loss com- 


armature and anode transformer circuits. — 


is om anied self- filtering. In the 
ture circuit, however, a high ind . ance 
interferes with commutation and ist 
be avoided. 


There are certain factors which must — 
be considered in analyzing the behavior of — 
d-c motors when subjected to currents 
of this type. ; ; 


1. The current produced by the rectifier is 
pulsating. It may be continuous but pulsat-— 
ing to a high degree, or it may even be 
zero for a portion of the cycle and be dis- — 
continuous, which is the more aggravated . 
situation. fa } 


2. In order to achieve a required average 
value of current, this pulsating current must 
have peaks which are much larger in value. — 
This results in an effective or root-mean- 
square current much larger than indicated _ a 
by d-c ammeters. wad * 


38. The heating value of these pulsating 
“waves is much greater than for the equiva- _ 
lent amount of conventional direct current. 
The resistance takes on an effective alee 


ponents, and the high peaks of current in- 
volved thus make the total J*R loss far 
greater than ordinarily anticipated. 


4. Peaks of voltage in the armature will 
‘be encountered due to the interaction of the — 
pulsating current and the inductance of the © 


These give a voltage wave shape in which ~ 
the d-c value is almost unrecognizable, with 
peaks three or four times as large as the 
voltmeter value. These voltages endanger 
the armature and commutator insulations, 4 
and in some cases, commutator sparking is 
-a direct consequence of the instantaneous 
peaks. 


~~ 


5. Torque produced by the machine be: 
comes pulsating, with its attendant noise 
and vibration problems. These may be re- 
flected in unsatisfactory performance ofthe 
driven machine, especially at light load or F 
low speeds. Re Ree ‘ 


Analysis of Current Output 

With current wave shapes as variable 
as occur in these rectifier drives, no one 
method of attack fits all cases. Where 
current is continuous but pulsating, it 
may be analyzed much as an average 
value with superimposed ripples of high 
frequency. The fundamental. of this 
harmonic will be the supply frequency 
times the number of phases involved. 
_ For discontinuous waves, the effect on 
the machine is more serious. Fortu-. 
nately the analysis is quite simple due to 
the fact that the armature current pulse 
approximates a half sine wave, regard- 
less of the portion of the cycle which it 
occupies. This is due to the influence of 
the inductance of the circuit, tending to 
hold the current rise down, and main- 
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Figure 1. Effect of angle of conduction on 
heating and current ratios 


Example of wave shape when @¢= 
0.567 


Insert: 


tain current flow past. the voltage zero. 
Vedder and Puchlowski’ have given good 
detailed analyses of this, but for purposes 
of this paper, the approximation to the 
half sine wave is adequate. In the 
following analysis, it is to be re-empha- 
sized that the range in which more serious 
differences occur is at light loads and low 
speeds, depending on specific applica- 
_ tions of the drive. 


The main comparison of heating values, - 


_ the most important difference, is in that of 
the average and effective values. The 
_ peak value of current, J,,, is used as the 
comparison figure in each case. For 


any given sine-wave pulse of half-cycle’ 


value as in Figure 1, the average value 
over that time is 2/,,/m=0.636 I, and the 
effective value is 0.707 Im. In averaging 
the current over a complete cycle, it will 
~be in proportion to the ratio of angle of 
conduction, 0g, to the total cycle, #7, but 
the effective value will be the square root 


ARMATURE CURRENT 


VOLTAGE 


4 FIELD CURRENT 


Figure 2. Oscillograms of machine currents 
and voltage for 6¢ =0.53 67 


Armature current=1.55 amperes root-mean- 
square and 1.09 amperes direct current 
Armature voltage=147 volts root-mean- 
square and 100 volts direct current 
Field current=0.360 amperes 

saute “tee 0. 340 amperes direct current 


é 
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Table I. 


Effective and Average Carent Ratios for Discontinuous Currents 


Conducting Root-Mean-Square 
Portion of D-C (Average) Values (Effective) Values Current Heating 
Period, —~ Ratio, Ratio, 
6c/OT XInmax X Inax? XInar XInmax” Irnms/Ipc In ms?/Ipo* 
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OOK Sia he Bie ®. OG3G.Gx.0 0.4053 sh .243 8 ON7OT sceh oid doe 0. BOO. sete Lilla 1.23 
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Note: Table based on Imsx=1.0, and Ret= Rac. 


Specific application of these data to rectifier-driven mo- 


tors requires determination of actual current wave shape for each load and operating speed adjustment. 


of the average square. For the case shown 


_ in Figure 1 where the current flows for 


one half the time, the effective value will 


_be 0.5 Im, whereas the average (d-c) 


value will be 0.318 In, a ratio of 1.57 to 1. 


Thus the true heating J?R value of the 


wave will be 0.25 I? whereas that indi- 
cated by a d-c instrument will be 
(0.3187,,)? or 0.101 In?, a ratio of 21/2 to 
1. Inthe case of current for one-third of a 
cycle, the ratio is even more striking, as the 
heating rate is 3.7 times that of the equiva- 
lent smooth direct current. Relation- 
ships for other conduction periods are 
shown in Table I and Figure 1. These 
also show that for the limiting case of 
multiphase operation, these ratios be- 
come 1.0, and average and effective values 
are equal. | 

A typical oscillogram of voltage and 
‘currents in an actual full-wave rectifier- 
driven machine is shown in Figure 2. 
Conduction is for 53 per cent of the half 
cycle. The values of effective and aver- 
age values are shown, and agreement is 
quite close to the anticipated values from 
Figure 1 for this setting of the control. 
This indicates that the sinusoidal ap- 
proximation is in quite close agreement to 
actual conditions. 

Such an example will apply equally 
well to any number of phases in a recti- 
fier if the conduction period is one half 
of the portion of the cycle assigned to 
each phase. Thus, the case shown would 
be like a half-wave circuit conducting 


180 degrees per anode, or a full-wave cir- | 


cuit conducting 90 degrees per anode, 
or a three-phase circuit conducting 60 
degrees per anode, and so forth. 


Results of Analysis 


When, as in the examples shown, cur- 
rent is operating in the discontinuous 
range, the motor heating rate due to cop- 
per loss alone will be excessively large 
for the intended rating. The remedy 
would appear to be to figure the duty 
cycle carefully to include these effects, or 
simply allow a step-up in the motor size 
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to provide a safety factor. The obvious 

alternative is to allow the motor to run 
hotter and hope that the life of the insu- 

lation will be satisfactory. 

Another factor which contributes to 
the machine’s running hotter is the core 
loss. While the current may be self- 
smoothing to a large degree, there is a 
high-frequency flux pulsation which will 
occur where there is usually no impedi- 
ment to eddy-current losses. This would 


- indicate the desirability of laminated 


core and pole pieces. 

Two other factors which combine 
against the life of the insulation are vibra- 
tion and voltage stresses. The probable 
life of the insulation seems doomed to be 
shorter ‘than for conventional motors — 


‘regardless of heating. The combination 


of excessive voltage strains, chafing under 
vibration conditions and higher tempera- 
tures indicates that much more or better 
insulation must be built into the ma- 
chine’s design. | 
The remedy really lies in careful engi- 
geering of an application. The load can 
be figured to keep the motor working in 
the continuous current portion of the 
rectifier operation. Multiphase rectifiers 
can be used, so as to approximate the 
steady current of a generator as nearly 
as economically feasible. . 


Conclusions 


This analysis of the application of 
phase-shift-controlled rectifiers to d-c 


‘motors leads to these conclusions: 


1. Consideration must be given factors not 
usually encountered in d-c nas prac- 
tice. 


2. These factors are most acute in ma- 
chines of small rating where the mechanical 
inertia is low and the load requirements 
justify the use of only one or two tubes. 


8. Heating of the motor will be increased 
by the use of rectified currents over con- 


- ventional direct current, especially if ma- 


chine currents are discontinuous. 


4. Vibration will be especially prominent 
at low speeds. 


5. Excess heating and vibration become of 
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A Unit for Balancingthe Voltages of 
Three-Phase Avircraft Inverters Supplying 
Large Single-Phase Loads 


“SYDNEY WIMPIE — 


ASSOCIATE AIEE 


Synopsis: A means. of reflecting a single- 
_ phase load so it appears as a balanced 

three-phase load to the power supply is 
’ discussed in this paper. A balancer of this 
* type, designed for use in aircraft, is described 
and its characteristics discussed. 


Background 


t 


f ' 


HE increase in electrically powered 
and electrically controlled equipment 


om aircraft has made it necessary, in 


certain cases, to add sizable single-phase 
loads to three-phase inverters. The 
nature of the existing three-phase load, 


however, placed severe restrictions on 


the permissible voltage unbalance. The | 


_ need was felt for a means of maintaining 


balanced voltages between phases of a 
_ three-phase inverter operating under the — 


conditions described above. As this 


The unit described in this paper 
_ rated 265 volt-amperes, 115 volts, 94 per cent 
_ power factor, 400 cycles 


Figure 1. 


balancer was to be used on aircraft, the 
further limitations that it be light in 
weight and efficient in ‘operation were 
imposed. 
In February 1943 a Dee was made 
by the Army Air Forces at Wright Field 
for a balancer of this nature. The single- 
phase load specified was approximately 
265.volt-amperes, 115 volts, 94 per cent 
power factor, 400 cycles. The power 
supply was a three-phase inverter rated 
at 750 volt-amperes, 115 volts, 400 cycles. _ 


The Balancer 


“Several methods of attaining the de- 
sired results suggested themselves. The 
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gram for the balan- a 
cer unit 115 &= 
= ? 
> 113 
a 
Son 
z 
ee tee 
(= 
1071 
je 
' 7-4 
Figure 3. Voltage wee 
unbalance of the {2 © 
eS 
power supply under iz4 
conditions of vary- > 3 
. ' 
_ ing single-phase 4.x 
load. Balancer unit a> ¥ 
connected at ay 


in Figure 2. 
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- This characteristic of the balancer make 


inverter used had an initial voltage un- . 


' on air transportation for presentation at the AIEE 


. Mass., 


in preparing data for this paper. 


tena 15 i an 
3°/ by 23/4 by 23/,inches. This 
has an efficiency of 96 per cent a ; 
load and will supply this load continu- 
ously with a temperature rise of 40 cere 


chase load is negligible sehen ee alien 7 
is used. It consists of a tapped react 
and a capacitor connected to the [: 


* 


designed foe a eS cient 
load and will function ideally only 
this load. Figure 3 illustrates this poin' 


it advisable to incorporate the unit as — 
part of the load and connect it to the 
power supply when the single-pha € 
load i is Sores : 


fang the rating RS ic abared 
the three-phase output circuit. The 
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March 2, 1944. : 
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smaller importance as the number of tubes 
(phases) in the rectifier is increased. 


6. Multiphase rectifiers appear to have 
definite electrical and mechanical advan- 
tages which will offset their increased cost 
_ and size. 


7. Designs of machines must be altered 
to take account of current, torque, and flux 
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pulsations superimposed on conventional 
d-c values. 
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_ balance of 0.8 volt at no load. The 
curves marked “corrected” have been 
compensated for this unbalance. 

Since the unbalance of terminal voltage 

with unbalanced load is a function of the 
_ imverter, curves of phase-current un- 
balance have also been plotted to give a 
clearer eee of-the behavior of the 
balancer. 

The voltage « across the load was kept 
constant at 115 volts so that the data 
would not be confused by the regulation 
of the inverter. 

For the purpose of comparison, the 
performance of the inverter alone is 


given. At 100 per cent single-phase load. 
on terminals B and C, with no balancer, 
the inverter voltages were unbalanced — 


7.65 per cent. The readings were: 


Vo-s 


We. Yatts. 148.0 voits! | {428 & volts 


The frequency Het of the balancer 


is also shown (Figures 5 and 6). It 
can be seen from these curves that the 
unit operates reasonably well over a wide 


range of frequencies, so that the value of 


the unit is not impaired by the speed 
regulation of the power supply. 


Conclusion 


The unit described is Suitable for air- ~ 


craft use due to its small size, light weight, 
and high efficiency. It has the added 
advantage of improving the power factor 
in the lines to 0.866 in those cases where 


the single-phase load is less than this 


value. Additional tests prove the unit 

will function at temperatures and pres- 

sures encountered at high altitudes. 
Appendix 


The operation of the balancer can be 
understood by referring to the vector dia- 
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Figure 4 (left). Phase- 
current unbalance — of 
the power supply under 
conditions of varying 
single-phase load. Bal- 
ancer unit connected 


Figure 5 (right). Volt- 

age unbalance of the 

power supply versus 

frequency. Balancer 
unit connected 


Figure 6 (below). Phase- 
current unbalance of the 


power supply versus 
frequency. Balancer 
125 150 unit connected 
1.7 472-6 
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FREQUENCY —CYCLES PER SECOND 


gram of Figure 7. The single-phase load 
is connected across terminals B and C of 
the inverter. The balancer is connected so 
that the reactor is across phases A and B 


‘and the free end of the capacitor is con- 


nected to terminal CL Phase rotation is 
A-B-C. 
~ The value of the capacitor and the reactor 


needed to balance any single-phase load as 
' well as the position of the reactor tap, can 


be obtained by referring to the schematic 


wiring diagram (Figure 2) and the vector 


diagram (Figure 7). The vector diagram 
is drawn to represent balanced conditions. 
From Figure 2: 


Igi=I,+le (1) 
— [g.=Ly—la he, (2) 
Tg3= —Io—L (3) 


Under balanced conditions 
Tg, =Ig2/ 120° =14,/120° 
and 


Voo= Vop/120° = Vo4/120° 


(4) 


(5) 


Assuming no power lost in the balancer 
and the phase currents in phase with the 
terminal-to-terminal voltages (a condition 
found necessary to obtain balance), the 
power supplied by the inverter must equal 
the power absorbed by the single-phase 
load. 


3Egl4 cos 80° =E,I, cos @ (6) 
or 
/3Ez,I 4X 0.866 = Ez, ee 6 (7) 
and 

= 2/3, cos 0 (8) 
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Figure 7. Vector diagram of the unit 


From equation 1 
Ig=Igi-Ty 


0) 
The angle of the voltage across the capacitor 
is assumed 90 degrees lagging the capacitor 
current. The absolute value of capacitor 
voltage is: ‘ ; aes 
/Ecp/ = (115 sin 60°)/sin (60+) (10) 
and the voltage Exp across the lower part 
of the reactor is 


/Epp/= (115 sin a)/sin (60+a) ay 


Making use of the superposition theorem, 


the net current through the reactor can be 
considered as being made up of the reactor 


magnetizing current Jy, a part of the ca- 


pacitor current Jc¢2 flowing between the 
reactor tap and terminal B, and the re- 
mainder of the capacitor current I¢; flowing 
between the tap and terminal A. It can ~ 
further be seen that if the internal im- 
pedance of the power supply is small com- 
pared to the impedance of the load 


= Epp/ Epa F (12) 


The reactor magnetizing current is, core 
equation 2, 


Iy=I,+lat+Is (13) 


The balancer described in the beginning 
of this article consisted of a four-microfarad 
capacitor and a reactor drawing a magnetiz- 
ing.current of 1.41 amperes tapped at 33.6 
volts from the A terminal. 
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Vibration Protection for Rotating 


ia 


‘Machinery 


R. L. WEBB 


MEMBER AIEE 


Synopsis: 
desirable for rotating machinery when it 
is operated with certain defects. Electric 
generators, may be operated with a ‘single 
“sround”’ on the rotating field circuit with- 
out harm but the potential hazards of a 
second “ground” at another point on the 


same circuit are so great that the need of © 


protective equipment for automatic dis- 
connection of the generator is evident. 
\ Double “grounds” on a rotating field 
circuit may short-circuit a large part of the 
winding, unbalance the magnetic field, 
_and set up vibrations of such serious magni- 
tudes that the machine may be wrecked. - 
A method for obtaining satisfactory 
vibration protection for rotating machines 
has been developed. It uses equipment 
most of which is already on hand or readily 
available to most companies operating im- 
aK portant machinery. The only part re- 
quiring construction is an electronic ampli- 
fier. 
The equipment, its operating character- 
istics, wiring, and performance are described 
in this paper. ; 


The described protective equipment has . 


been in service on one machine since the 
latter part of 1942. It has given entirely 
satisfactory service. Another machine was 
protected in a similar manner for about three 
months until it was found convenient to 
Berane the field. 


‘ 


OTATING machinery of all types 
is subject to damage when exposed to 


severe vibration caused by mechanical - 


unbalance, or its equivalent, in the 
‘rotating element. Although electrical 
machinery has a good record in this 
respect, its freedom from vibration has 
been due largely to the degree of main- 
tenance which it usually receives, Now, 
however, due to wartime restrictions, 
electrical and other machinery is often 


run under conditions which would not - 


be permitted normally until after repairs 

_ had been made. When this is done, pro- 

tective measures should be adopted where 
; ; 


INTEGRATOR 7 
VIBRATION . —- CIRCUIT AMPLIFIER Ko 
DETECTOR een 
SOURCE 
AMPLIFIER TO SUPER- 
D-C OUTPUT VISORY 
ALARM RELAY PANEL 
(IN AMPLIFIER f 
ASSEMBLY) ri_f, to Trp 
MASTER TRIPPING RELAY ( cIRCUITS 
RECORDER D-C POWER 
SOURCE 


Schematic arrangement of vibration 
protection equipment 


Figure 1. 
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possible to prevent serious machine 
damages if the weakened part should fail. 


One expedient being adopted, as the 


occasion demands, is to continue operat- 
ing a-c synchronous machinery after a 
“sround” has developed in the field 
winding of the rotor. Since the excita- 
tion system is operated ungrounded 
normally, the winding-to-ground fault is 
not harmful and does not prevent con- 
tinued and normal machine operation. 
Such operation does, however, expose the 
paces to severe damage if a second 

“ground” should occur in the field wind- 
ing or at any other place on the same 


excitation system. Two “grounds” may | 


effectively short-circuit a portion of the 


field winding, thereby causing magnetic. 


unbalanceintherotor. Ifa large portion 
of the field winding is short-circuited by 
the second “‘ground,”’ the field current in 
the remainder of the winding will increase 
and further aggravate the unbalanced, 
magnetic condition. Cases are on record’ 
of double “grounds” in field windings 
which have caused such severe vibration 


that the bearing pedestals were broken . 


allowing the rotating field to drop on the 
stator laminations. 
in each known case, caused damages 


_ incorrect performance. of the relays 


v 


Such failures have, ~ 


which required costly repairs and long ; 


machine outages. 


A protective method, that detects 


excessive vibration, has been developed 


_ by engineers of the Consolidated Edison — 
Company of New York. It operates: 


relays which function quickly to initiate 
the circuit breaker operations, required 
to relieve the condition. In the case of 


synchronous machinery the a-c armature © 


and d-c field breakers are opened as fast 
as possible and, if desired, the prime 
mover power may be shut off. Other 
types of machinery would be handled as 
conditions and equipment permit. 


Protective System 


in Figure 2. Figure 3 shows two de- 


The protective system consists of the ' 


following parts: 


Seismographic type vibration detector. 
Integrator circuit. 
Resistance coupled amplifier. 

Alarm and protective relays. 

Vibration recorder. 

Supervisory circuits. 


Our WN 
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before being passed through the rel: 
and the recorder. 


“use in connection with vibration re- 


_bearing cap. tiie an. pele 


19-20, 1944. Manuscript submitted February 9, 


Figure 2. Seismographic vibration det 
with cover removed ‘ 


- The arrangement of these parts 
shown schematically in Figure 1. 
alternating voltage is generated by the 
vibration detector when vibration is 
present in the pee on which it is mounted, 
This voltage is impressed, through an 
integrator circuit, to an amplifier. The 
current is amplified and then rec 


The system is pro- 
vided with various features which prevent 


to wire failure, tube failure, and loss of 
a-c or d-c power supply. 


Vibration Detector if We 


The vibration detector was one origi- 
nally furnished by its manufacturer for 


corders. It is constructed on the se 
mograph principle, with a strong per- 
manent magnet supported on springs 
serving as the stationary element. A 
light coil supported to the base of the 
detector is free to move in the magnetic 
field when the base of the detector is 
subjected to vibration. The base of the 
detector is mounted rigidly on the be 
or other part whose vibration is to 
measured. The detector is inherently 
a velocity measuring device since the 
alternating voltage it generates is directly 
proportional to vibration frequency and 
to vibration amplitude for sinusoid 1 
vibration. 

The detector is shown without its cover 


tectors mounted on a generator-outboard- 


Paper 44-71, recommended by the AIEE com- 
mittees on power generation and protective devi 

for presentation at the AIEE North Eastern 
District technical meeting, Boston, Mass., April 


ie made available for Lipase! Bebe iery) 29; 
R. L. Wess is aasistagk engineer, electrical engi- 
neering department, and C. S. Murray is junior 
engineer, Consolidated Edison _Company of New 
York, Inc., New York, N. VY. \ a 
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Vibration detectors mounted on 
turbogenerator bearing == 


Figure 3. 


are frequently insulated from the sup- 
porting bedplate of the machine. Care 
should therefore be exercised to prevent 
short-circuiting this insulation when in- 
stalling metallic conduit for connection 


to the detector device mounted on the 


bearing cap. The detector mounting 

- must be rigid enough to avoid resonant 
vibration in the detector supports. Since 
the wiring from the detector to the 
amplifier requires protection against inu- 
duced voltages, twisted and shielded 
conductors are used. It is also pref- 
erable to have them routed remotely 
from other circuits carrying alternating 
current or impulse currents. 


Integrator Circuit © 
“Since it is desired to operate the 
protective relay on vibration amplitude 
only, it is necessary to interpose an 
integrator circuit between the detector 
and the amplifier. On the installation 
being described, this circuit consists of a 
_19,000-ohm resistor in series with a 
_ three-microfarad capacitor. The output 
from the detector is connected across the 


complete circuit while the voltage drop 


across the capacitor is wired to the 
amplifier and is used to govern the opera- 


tion of the relays. The resistance of the 
circuit predominates over the capaci- — 


tance, except at very low frequencies, 
hence the current in the circuit remains 
nearly constant with the same impressed 
voltage for any frequency of vibration at 
_ which protection is desired. Since for a 
given vibration amplitude the voltage 
generated in the detector is directly 


proportional to frequency while the 


‘capacitive reactance of the capacitor is 
inversely proportional to frequency it 
follows that the voltage drop across the 
capacitor does not change with different 

/ 
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frequencies and is therefore proportional 
to vibration amplitude alone. The output 
voltage E, of the integrator circuit may 
be calculated for any input voltage Fy 
and frequency f by use of the formula: 


Se ae 
* (19,0002 X2,)'/2 
where 
ae EO 
° QafX3 5 


The circuit produces a voltage output 
nearly proportional to vibration ampli- 
tude over a wide frequency range. One 
curve of Figure 4 shows the degree of 
accuracy obtained with the circuit. At 
30 cycles per second and above the error 
is negligible. At five cycles per second 
the output of the circuit is about 12 per 


cent low. Five cycles per second corre-— 


sponds to about 16 per cent of rated speed 
for this machine. 


Amplifier 


_ The amplifier is resistance coupled so 
that it also will provide good accuracy 
over a wide frequency range, and par- 
ticularly at the lower vibration fre- 
quencies. The degree of accuracy ob- 
tained in the amplifier at different 
frequencies is shown by the other curve of 
Figure 4. Reasonably good accuracy at 
low frequencies is desired to provide 
satisfactory vibration protection while 
machines are being brought up to speed 
or slowed down after a run. An over-all 


error of 15 per cent at five cycles per 
~ second, 12 per cent for the integrator. 


circuit, and 3 per cent for the amplifier, 
is considered satisfactory for the pro- 
tective relays since damage due to vibra- 
tion is not likely to be severe at lower 
speeds. Some generators, such as cross- 
compound units, must have their field 
windings energized at the time of start-up 
and would, therefore, be subject to vibra- 
tion due to double field ‘‘grounds” even 
at moderate speeds. 

The over-all voltage amplification of 
the amplifier is about 1,700. Its response 
is linear from zero to 16 millivolts input 
from the integrator. The d-e load 
circuit resistance is 1,700 ohms, At 20 


milliamperes, the output of the amplifier. 


is 34 volts direct current and 0.68 watt. 
Three stages are used in the amplifying 
circuit, two stages being obtained in 
two double-triode tubes and a third stage 
being obtained in two triode tubes con- 
nected in push-pull arrangement. To 


prevent incorrect relay operation in case | 


of electron-tube failure, the filament 
circuits of the various stages are con- 
nected in series with an instantaneous 
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overcurrent relay. When the filament 
current is reduced due to any filament 


failure the relay operates to open the - 


output circuit of the amplifier and to 
close a signal circuit. Such operation 
makes the protective relays inoperative 
and starts a supervisory lamp flashing 


at a point where it will attract the atten- 


tion of the operators. 

The amplifier output is rectified by a 
copper-oxide bridge circuit and the 
direct current from the rectifier is wired 
to the relays, and to the recorder, if used. 

Figure 5 shows a schematic diagram of 
the amplifier connections and associated 


equipment. The over-all calibration of — 


the vibration-protection equipment in- 


cluding the detector unit, integrator, and 
amplifier is given in Figure 6. To obtain 


this calibration initially the detector was 
caused to vibrate and its double ampli- 
tude of vibration in mils was measured 
with a portable Starrett type vibrometer. 
The range of d-c output current as ob- 
tained from the amplifier for various 
values of vibration is entirely suitable 
for relay application. 


each time the amplifier and relay equip- 
ment require calibrating. Since there 
are occasions when the amplifier must 


be recalibrated (when tubes are changed 


It. is not prac- — 
ticable to ‘check the over-all calibration 
(d-c output current versus mils vibration) 


Ck 


or when other patts are replaced) a 


- 60-cycle calibration curve was obtained 
' following the initial over-all calibration. 
This curve is also given in Figure 6. The ~ 


calibration curve was obtained by im- 
pressing 60-cycle voltages across the 
same input terminals to which the output 
of the detector is connected. “This cali- 
brating curve assists not only with 
adjustments to the amplifier and relays 
but permits a complete check on the 


- accuracy of the recorder, as required. 


It will be noted on Figure 5 that the 


amplifier circuits are grounded through a 
0.5-megohm resistor. This resistance is 
intended to prevent incorrect operation of 


the relays in case a wire “ground” should © 


develop in the detector output circuit 
at a point where the “ground’’ potential 
is operating at a small voltage difference 


+2 


“[AVELIFERR, | LI 
YRS 

pf 

ALM 


ER CENT, ERROR 


© 00000 6 
NMt ©0O Oo 


VIBRATION FREQUENCY — CYCLES PER SECOND 


Figure’ 4. Accuracy curves for integrator 
and amplifier versus vibration frequency 
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Figure 5. Connection diagram for amplifier 
_ and associated equipment. ; 


with respect to the “ground” bus po- 
tential at the amplifier. A potential of 
about one volt at 60 cycles between the 
_ two wires from the detector is sufficient 
to cause operation of the master crippins 
relay. 


Relays 
A diagram of relay connections is given 
on Figure 7. Two “lock-out” relays are 


used, one being an a-c undervoltage relay | 


and the other a d-c undervoltage relay. 


These undervoltage “lock-out” relays. 


open the tripping circuit instantly if 
either source of power is lost. The a-c 
relay will reset about one minute after 
_ restoration of voltage which allows ample 
time for the tubes of the amplifier to 
become heated and its output current to 
become steady before the equipment is 
returned to service. The d-c under- 
voltage relay resets in about 10 seconds 
after voltage 
allowing for the master tripping relay 
element to come to its stable position 
after its field coil is energized. 
The alarm overcurrent relay is a simple 
“hinged armature device equipped with a 
variable resistor connected in parallel 
with its coil to provide means for ad- 
_justing its operating current value. A 
second resistor is connected in series with 
the relay circuit to permit readjustment. 


of the over-all series-circuit resistance | 


- when any variation is made in the re- 
sistance in parallel with this relay coil. 
This permits retaining a constant re- 
sistance in the output circuits from the 
rectifier. The relay for this installation 
is adjusted to give an alarm to the 
operators at eight mils vibration. 

The master tripping relay has a 
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O-C MILLIAMPERE OUTPUT FROM AMPLIFIER TO 


Figure 6. Characteristic output curves of 


is restored, this time 


‘, 
ne 
- 4u-F 


LoAp: eee" position to follow any increase « 


tion, Agius is made by 


moving Sointee aetent the restr it 
spring. Since the relay moves to follo 
any change in vibration almost instan 


of AMPLIFIER 
D-c 
OUTPUT 


the machine vibration reaches the 
for which the relay is set to operate. 
master tripping relay trips the m 
generator breakers and the field break 
when the bearing vibrerE Beate 1 
mils. 

Any d-c relay which will operate 
the range of current shown in Fig 
would be suitable for the master tripp 
relay. Of course the vibration po 


TYPE VR |_FILAMEN 
150-30 |SUPERVISORY 
LIGHT 


adjustment at the input to the integr: 
The relay used should be fast to pre 
an excessive overswing of the vibration 
before the tripping relay operates. a 
_ The relays become inoperative but do 
not operate incorrectly due to the follo 
ing troubles: (1) open-circuited or short- 
_cireuited wires from the vibration | 
tector, (2) failure of electron tubes, 
interruption of a-c or d-c power sup 
(4) relay failure, or (5) tripping-cireui 
failure. Complete supervision is p 
vided to the operators for conditions ( 2), 


<5 
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GO-CYCLE VOLTS INPUT TO AMPLIFIER FOR CALIBRATING ‘ two complete protective equipments 


provided. The two corresponding vi 
tion detectors are shown in Figure 
On this installation two complete pri 
tective equipments were installed with 
separate power sources and trip ng. 
circuits to provide a high degree of 
liability. In case any part of one eq 
ment develops trouble the second eq 
ment will provide complete vibra 


amplifier 


standard d’Arsonval type element with a 
field coil. Its field coil is connected to 
a separate d-c power supply. The d-c 
output from the rectifier is passed through 
the moving coil of the relay. Since the - 
moving element is restrained by a small 
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Figure 7. Connection diagram for relays POWER SUPPLY 
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"protection since all of its parts function 


independently. Since this particular 


generator is one of the largest on the 


system it was decided that the unit should 


not be run at any time without at least 
one vibration protective equipment in 
service. Two equipments have the ad- 
vantages of permitting tube changes and 
calibration work on the parts of one 
without having to take the main genera- 


tor out of service and they provide a con- 


tinuous check on bets accuracy of each 


: other. 


Vibration Recorder 


A recorder may or mdy not be used in 
such a circuit but on the installation being 
described a recorder is found useful and 
it is inserted in series with the d-c output 
from the rectifier. The instrument is 
located near the turbine to permit con- 


tion by the turbine engineer. A continu- 
ous record is obtained of bearing vibration 


in a manner not feasible with indicating 
Samples of such records > 
_when starting, when running, and when 


instruments. 


shutting down are shown in Figure 9. 
The recorder instrument is an ordinary 


_ low range d-c milliammeter. 


_ Supervisory Circuits 


A supervisory panel for the equipment 
may be located at any convenient point. 


In the installation being described this 


panel is placed above the main control 
panel for the generator. There are four 


_ signals: 


The first is an alarm and a light operated 


by the vibration alarm eth at 8 mils vibra- ~ 
- tion. 


_ The second signal is a light which is normally 


energized. It starts to flash when an 
electron-tube filament burns out. Such 
action is initiated by the undercurrent 
relay which is in series with the amplifier 
filament circuit. Loss of filament current 
makes the protection inoperative. 


The third signal is a light which is normally 
energized and which becomes dark when 
the d-c power supply is interrupted. In 
this installation, the d-c power is used only 


‘for polarizing the master protective relay, 


hence, loss of that supply makes the pro- 
tective equipment inoperative. 


The fourth signal is the lights of the first 
and second signal both of which become dark 
when the a-c power supply is interrupted. 


tinuous supervision of the bearing vibra- 


Loss of a-c power deenergizes the amplifier 


and makes the protective equipuient in- 


- operative. ! 


Operating Experience 


No uncontrolled or accidental outage 


of the equipment has occurred since it 
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VIBRATION IN MILS_ 


Figure 8. Vibration protection relay panels 


1 


was placed in operation in October 1942. ’ 
It has not been called upon to disconnect 
the generator automatically since no 
severe vibration has occurred. 


On one occasion a momentary “ground” 
occurred on one of the wires that connect 
to the vibration detector. Since the 
“ground” potential at that point was 
slightly different from the “ground” 
potential where the amplifier was 
mounted, this voltage difference, being 
impressed on the first stage of the am- 
plifier, caused a surge of direct current 
to the relays and recorder. The recorder 


' swung up-scale and the vibration alarm 


relay operated but the “ground” did not 
remain on the wire long enough for the 
master tripping relay to operate. The 
0.5-megohm resistor was then connected 
in the ‘‘ground”’ circuit at the amplifier 
to prevent incorrect tripping due to an 
accidental ‘‘ground.” . 
When first installed the vibration alarm 
relay was adjusted to operate at six mils 


vibration. It was found that the relay 
-would operate occasionally as the gen- 


erator was passing through its critical 
speed on starting or shutting down opera- 
tions. The relay was readjusted to 


| 12 RM. | 1AM. 
UNDER LOAD SHUT AT 


DOWN STANDSTILL. 
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Figure 9. Typical vibration recorder charts for turbogenerator bearing 
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operate at eight mils vibration and no 
further relay operations of this type have 
been reported. 

On two or three occasions the vibration 
alarm relay has operated and reset as 
the generator load was being increased. 
It was found that the machine experi- 
enced abnormal vibration of short dura- 
tion as some of the steam valves are 
opened to increase the power output of 
the turbine. This behavior does not 
occur each time the load is brought up — 
on the machine, in fact its oceurrence is 
more ‘‘the exception” than “the rule.” 


Maintenance 


; 
Maintenance on the vibration protec- 
tive equipment may be made to fit in 


with maintenance on other generator — 


+ 


protective relays. The amplifier, relays 


. 


é 


and recorder should be calibrated on the 


same schedule with generator differential 

relays. Can 
The amplifier tubes should be replaced 

every three to six months assuming they | 


_ are in service continuously. The replace- — 


ment tubes for the push-pull stage should — 
be selected for balance bese being — 
installed. 


The vibration deen should be 2 


inspected at times when the machine is 


shut down to determine whether any ~ 
parts have become loose; once a month 


is often enough. 
The usual attention to paper and ink 
must be given the recorder, Ay 


Ny 


Conclusions 


ay simple scheme is made available for 


' 
it 


* 
» 


= eo 


suitable and fast vibration protection for 


rotating machinery. 


2. The protective scheme provides suitable — 
protection against magnetic unbalances as” 
well as against mechanical unbalance in 
rotating elements. 


8. The equipment described bee been in 


‘service since 1942 and has given a record — 


P 


? 


of reliability entirely satisfactory for large 


turbogenerator protection. 


6AM. 
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Measured Electrical Cantante of 270- 
Mile 154-Kv Transmission Line 


C. A. STREIFUS 


MEMBER AIEE 


- 


Synopsis: Results of measurements are 
presented of fundamental electrical con- 
stants of a 270-mile 154-kv transmission 
line. Comparisons. are made between 


-_ yaluies obtained from test and those ob- 


tained from circuit dimensions and com- 
putations, thus providing a check on some 
conventional methods of determining basic 
line impedance and admittance units. 
Included are wumnit resistance, inductive 
reactance, and capacitive susceptance to- 
gether with ABCD constants and charac- 


_ tertistic impedance of positive-phase se- 


‘quence, zero-phase sequence, and one- 


+ conductor-and-ground bone ae networks. 


rua) 


from the straight-line structure. 


ART of results obtained from meas- 
urement of electrical constants of long 
transmission line have been presented pre- 
viously. Interest shown in these meas- 
urements and request for additional in- 
formation led to this more complete pres- 
entation of data and results of tests 
which will be of interest to engineers who 


C. $. ROADHOUSE 


NONMEMBER AIEE 


follow long-transmission-line theory and | 


practice, relay application, and fault 


_, studies. Teal 


Engineers desire to check theory behind 
‘development of formulas and constants by, 
actual measurement. Thus theoretical 
procedures which may include many fac- 
tors and assumptions might be replaced, 
if possible, by more simple methods. 
Check measurements of zero-phase-se- 
quence impedances especially are desir- 
able, because calculations for these include 


~ effect of indefinite factors, such as, aver- 
- age distance between shield wires and 


conductors, their average height above 


ground, effect of earth-resistivity and re-_ 


actance, and variations in construction 
Toa 


Paper 44-80, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE North Eastern District 
technical meeting, Boston, Mass., April 19-20, 
1944. Manuscript submitted February 19, 1944; 
made available for printing March 16, 1944. 


Cc. A. Srreirus is electrical engineer, Ebasco 
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HOUSE is substation engineer, Nebraska Power 
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than sag of conductor. 


R. B. GOW 


ASSOCIATE AIEE - 


lesser degree perhaps, a check of positive- 
sequence values is also desirable to deter- 
mine importance of assumptions used in 
theoretical calculations. 

Since new-type impedance relays de- 
scribed previously?* were being applied, 
and since accurate basic data for deter- 
mining normal and short-circuit condi- 
tions were desired for satisfactory opera- 
tion and protection, measurements of unit 
values were made upon completion of line 
but before it was placed in operation. 


These data obtained from measurements, 


also provided information to check relay 
settings previously computed from theo- 
retical sources. 

Specific methods of Copies line 
constants are not recommended and a 


tion is not made, but rather the paper is 


intended to present simply results of field 


measurements and to compare these with 
values obtained through some conven- 
tional procedures. 


Line Construction 


Typical structure used on straight-line 
construction is shown in Figure 1. Figure 
2 gives average spacing and configuration 
of conductors and shield wires. Hori- 
zontal distances are same as those at 
typical straight-line structure and vertical 
distances are assumed as average con- 
sidering that sag of shield wires is less 
Line is 268.52 
miles long without intermediate switching 
stations or taps. Ruling span is 600 feet. 
It is single-circuit of wood-pole H-frame 
construction with horizontal conductor 
spacing of 14 feet 6.inches. Conductor is 


0.683 inch in diameter and is 250,000 


circular mils of hoflow hard-drawn copper. 
At straight-line structures, it is sup- 


ported by ten 10-inch suspension insula- _ 


tors having 5%/,-inch spacing, and 15 in- 
sulators are used on grounded steel sup- 
ports and dead ends. Two 3/s-inch high- 
strength galvanized-steel overhead ground 
wires shield line. These have vertical 
clearance above power conductors of 
about 10 feet at structures and about 18 
feet at mid-span. A steel cross member 
supports overhead ground wires and con- 
nects these to both pole grounds at each 
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- structure. Pole ground is number 6 steel 


comparison between methods of computa- base. There are no counterpoises on line. 


complete transposition barrels in line. | 


instrument-type current. and potential 


minal. 


a 


Figure 1. Typical structure, 154-kv line 


wire carried down poleand wrapped around ~ 


Shield wires are connected to station ‘ 
grounds at terminals. There are three 


Test Procedure and Conditions 
Measurements were made by applying — 
potential from 2,400/4,160-volt 60-cycle 
source supplied from three 50-kva 13,800- _ 
2,400/4,160-volt Y-connected  trans- 
formers at one terminal with conductors — 
at other end appropriately connected for — 
six short- and open-circuit tests listed in — 
Table I. Portable ammeters, voltmeters, 
and wattmeters of good quality and re-— 
cent calibration were used with outdoor 


transformers at terminal at which poten- — 
tial was applied. Similarly ammeters and 

voltmeters were used at opposite ter- 
All measurements include im- 4 
pedance of carrier-current wave traps 


Figure 2. Conductor and shield-wire con- — 
figuration. Approximate average spacings . 
and heights above ie are shown 


5 


ELECTRICAL Hicrkaneart is 


ae le th ig ep ee A 


which were in service as part of the com-— 


munication system used throughout tests, 
but 60-cycle effect of these was negligible. 
Atmospheric temperature during five or 
six hours of testing ranged from 75 to 90 
degrees Fahrenheit with perhaps 85 
degrees as an average value. 

“Phase rotation of terminal systems 
was also compared using a phase- -sequence 
instrument and found to check transposi- 
tion plan. This was later confirmed when 
systems were synchronized first time. 
Open- and short-circuit impedances, 


ABCD constants, unit impedance and ad- | 


mittance values, and characteristic im- 
pedances were calculated from instru- 
“ment readings of amperes, volts, and 
watts as discussed in Appendix I... 


Summary of Results 


Tables I to VII, inclusive, summarize 
data taken during tests; compare line 
constants obtained from these data with 
those obtained from computations; and 


list other related information. . For brev- - 


ity, word “measured” applies to values 
obtained through supplementaty calcu- 
lations from test data, and word ‘“‘com- 
puted” applies to values obtained from 
references or from computations based 
on physical dimensions of line and on 
conductor and shield wire configuration. 
In following discussions, 
fers to inductive reactance, and “‘sus- 
ceptance’”’ refers to capacitive suscept- 
ance. Symbols are explained in Appendix 
VI. ; 

_Table I lists impedances as viewed from 
instruments with conductors at other end 
open- or short-circuited to ground and as 


obtained from supplementary calcula-_ 


tions using data from ammeter, volt- 
“meter, and wattmeter readings. Also 
included are computed values of open- 


and short-circuit impedances obtained | 


from ABCD constants in Tables II, III, 
andIV. Tests A and B, Cand D, E and 


F give basic data for positive-phase se- - 


quence, zero-phase sequence, and one- 
conductor-and-ground networks, respec- 
tively. Test B was repeated with conduc- 
tors short-circuited together at far end 
but not grounded. Instrument readings 
were same as before. There was no po- 
tential between short-circuited conduc- 
tors and ground, indicating balanced 
impedance of conductors. 

Table II indicates that positive-phase- 
sequence values of resistance and react- 
ance are higher than computed values 
‘with susceptance ‘being slightly smaller. 


Difference between measured and com-, 


puted values may be result of not taking 
into account effect of ground and shield 


Jury 1944, VOLUME 63. 


“reactance” re-_ 


. : Table I. 


——————————————— 


Summary of Tests and Impedance Data 


SSS eee 


Measured Impedances in Ohms as Viewed 


’ From Instruments 


wires in conventional computations and 
of angles in line and other factors causing 
departure from uniform construction. 
Characteristic impedance of 409 ohms is 
near 400-ohm value commonly accepted. 

Table III shows that measured zero- 
phase-sequence resistance and reactance 
unit values are smaller than computed 
values which are based on small current 
flow of one or two amperes in shield wires 
believed to be comparable to that flowing 
during tests. During fault conditions, 


currents are high causing some change in 


resistance and reactance of shield wires. 
Assuming 40 amperes flowing in each 
shield wire, computed unit values are: 
m=0.696 and x=2.44. Susceptance 
values ate same, possibly due to rather 


complete method of calculating referred 


to in Appendix V. 
Table IV values for a one-conductor- 


and-ground circuit are of interest al- 


though they are not actually used in con- 
ventional high-voltage-transmission-line 
and system-fault calculations. Measured 
unit resistance is lower than computed. 
Reactance and susceptance values com- 
pare favorably. Computed values of re- 
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Test Description Test Symbol R +jXzor —jXc Z/é Computed 

Balanced three-phase potential ap- 

plied to three conductors with A eee 

them open at other end............ Cashed 4 a setae giles —j648 
Relation tre hee pees CC aioe .... 9648... .648/88.13....646/88.03 

plied to three conductors with 

them shorted and grounded at ‘ Bp 

otheriend cients ode. ohn B....Zscp== .... 85.8...: +9243 258/70.6 2 
Single-phase potential applied be- Ap cel us adams 

tween all three conductors and > 

ground with them tied together zo AG : 

and not grounded at other end....... CA ds eS ape OL, Se oS O 270/84. 
Single-phase potential applied be- ae enka cs baited he 

tween all three conductors and ¢ 

ground with them tied together Z Bo : 

; and grounded at other end........... Dee ee ag: 88.2. 6... fI2825 : . 247/691 VO S7b/ 6439 
Single-phase potential applied be- ' 3 340 ‘ 
tween one conductor and ground Ai aes i 

with it not grounded at other end....E....Zoir==>.... 34 ...,. —J707....707/87.25....695/86.53 
Single-phase potential applied be- C1 : 
tween one conductor and ground Bi : 
with it grounded at other end......... ea -Zea=a- ...150 .- +7399....426/69.4 ....430/67.9 
Table Il. Positive-Phase-Sequence Constants 
ApBpCpDp Constants cs 
i Ap Bp Crear ’ 
Mieasurediit. irs. twcttasnionte 0. 853/3.19. DOS aeteare sta eree ..220/73.79 ohms.....: anit: 0.001316/91.32 
Computed Sacii is cote ever crate 0. 854/2.84. Sale Sr eericrs iets ees 214/74.32 ohms..... wa sear 0.001332/90.87 — 
Per mile values ; “ 
\ Resistance Inductive Reactance Capacitive Susceptance 
Tp, Ohms jxp, Ohms jbp, Micromhos 
Measured). y.6 0-6: oe =< 0.254 @ test temp..........25... JO S28 oe. Ves sain se eg ates ee 75.14 
Compitted..sis.ecce so O38: @ 25 desig. cesta tee JU:80B 1. ci ae.0, hs See mena tees 75.18 
Characteristic impedance / 
ame aks: yizze 
~ ¥V Zocp X Zsep V2Zp/%; Yp MV 2p/¥r Yp CpDp 
Measure din. $< c:¢ cele ase eps seus 409/8.77. 8. 77. «heaps oe 409/8.58. 8/58... Ac eee eae 409/8.58.. a epee eee 409/8.77 
Somputed jl o.5).hvr se seo 403/8.28. DRT costae R08 (Sie toe 403/8.25.. PAGE Peer 0; 403/8.28 


sistance and reactance in this case, also 
depend on amount of current assumed 
flowing in shield wires. Of course, com- 
paratively small currents flowed during 
measurements. Computed values listed 
assume about one or two amperes flowing. 
With 40 amperes assumed in each shield 
wire, computed unit resistance and react- 
ance values are: 7,=0.389 and x,=1.35. 
Characteristic impedance of 550 ohms 
measured. at 60 cycles is of interest and 
compares with 500-ohm value commonly 
used for a single-wire and ground circuit 
and in design of lightning-proof lines. 
One-conductor-and-ground circuit meas- 
ured forms part of carrier-current chan- 
nel, ' 

Table V summarizes characteristic 
impedances obtained from data taken 
during tests. 

_ Table VI givesimportant ratios, Those 
obtained from measured data are lower 


except ratio of susceptances which are 


nearly equal. 

Table VII gives ratios of sending-to- 
receiving current and voltages for the 
several tests. It will be noted that re- 
ciprocal of voltage rise ratios.in tests A, 
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Table Ill. Zero-Phase-Sequence Constants 
AopBoCoDo Constants : 
Ao Bo Co © 
Meastped au Oa. aitnee t 0:735/6'# A kacaerdenee 545/75.1 i olims 26 0: 1 as 0. 000892/91.6 6.4 
Coniputed se acisaniaea ves AO TUG 788s Seis ela chal: 591/72.2 Dy $e) 0b «1k Iara Car OAD Ae 0. 000885/92.17 iiyes 
Per mile values : ; ‘ oe 
: Resistance Inductive Reactance Capacitive Susceptance 
TO, Ohms jxo, Ohms j jbo, Micromhos 
Measured 2 i)caci4.0 ole 0.686 @ test femne, Ro sate bees G24 ie vate reopen ate j3.65 
Comiputedet ed 2 So scc 0.829 @25degC...... Fane rs G2 280i bs Mule eels bb 'lsa RRNA 73.65 
Characteristic impedance f , fa sNe: 
Bee ara of wR ats a (AoBo 
V/ZocoX Zed V/Z0/Yo 20/0 Z0/ 0 CoDo 
Mew suited) ares 05 Galati pis ds 783/8.25... y Hebeekves TBS, 8.284 via cae ecuels 782/8.28. Dei Ne vite oat 783/8.25 
Womputed ae ois. cis Bs ite oleic $16/9595... Soete totes SIG/9. Gon tc. oe ete 816/9.95. DG ecthiean tik Seaaice 816/9.95 
‘Table IV. Constants of One-Conductor-and-Ground Circuit 
_AyBiCiD; Constants | 
: : : Ai Bi Ci 
Migasurediny sss sds uds eX 01798/4°86. <6. och usu: 340/73.79 ohms............ 0,001130/91.64 « 
ESOT DUCE sas renin ae aie VOLE DDL AED ce, Seta -+342/72.8 8 ohms ric sear rarint 5 001145/91.43 43 
Per mile values - ; . 
Resistance Inductive Reactance Capacitive Susceptance 
[ ri, Ohms jxi, Ohms : jbi, Micromhos 
‘Measured..... SAemacn ae 0.408 @testtemp.............. JTI29 B aceaelon on Coe PR eae 54.46 
COTBPUCE MS. cee .s a bins 0.438 @25degC........ We avotpusit Oo Uren Wap eeers he te sisie ks j4.6 
"Characteristic impedance } ¥ : 
; . i AiBi 
N/ oat ae V Zi/Y¥1 Ma/gi_ CiD: 
Measured. csi. isshseuvs- 560/8 S8auho: ck FAR en ALi wy" 551/8.75........4. 550/8.98 
GON N EEC hie a8 ict enh sk SS GAS DBZ es vies Xe 5AT/9.3823%.. 0. ae : .547/9.32 inl avihrcd Syuses -548/9.82 32 


_C, and £, in which far-end conductors 
“were not grounded, check very closely 
with the A constant as they theoretically 
should do for that particular arrangement’ 
of conductors. Reciprocal of current rise 
ratio of test B closely gives A constant. 
In this test conductors were tied together 
_ at far end and grounded, but as mentioned 
r _ above, grounding had no effect on im- 
~ pedances measured. Also no current 
flowed through earth. However, re- 
_ ciprocal of current rise ratios in tests D 
and F do not give accurately the A con- 
stant. In tests D and F, conductors were 
grounded and current returned through ” 
ground and shield wires. This would in- 
dicate that unit values, particularly resist- 
ance and reactance, are slightly different 
for conditions with conductors grounded 
and not grounded in zero-phase sequence 
and one-conductor-and-ground circuit 
networks. 

With no potential applied there was no 
indication of induced voltage on line when 
measured by potential transformers and 
voltmeters. During attenuation tests at 
carrier frequencies a two- or three-volt 
potential was observed between one con- 
ductor and ground using a vacuum-tube 
voltmeter shunted by 550-ohm resistor, 
indicating that any induced voltage ef- 
fects were small. During test E in which 
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_ For 


< 7 
* : 


Table V. * Summary of Characteristic or Surge 
_ impedances 


From positive-phase se- i 
quence data, Conduc- | Gay 
tor-to-conductor or con- 
ductor - to - equivalent 
MET T ALY. fetes elena 

From data taken with all 
three conductors tied 
together. ‘Characteristic hey l 
impedance between / ; 
three conductors tied 
tog2ther and ground...... 

Zero-phase-sequence char- 
acteristic impedance or 
three times preceding 
Valdesss.. 7) Aree ae 

one-conductor-and- 

erOutidicwenlt. Rca git 


409/8.77... .403/8,28 


ce 


261/8.25... .272/9.95 


‘ 


783/8.25... 


.550/8.93....548/9,.32 


Table VI... Ratios of ZerouPhases to Positive: 


Phase-Sequence Resistance, Inductive React- 
ance, Impedance, and Capacitive Susceptance 


Lif Boy, “Bal bE 


T)/Tp_ %0/Xp 
Measured..... Ne Odcteatert 26) Se ar 2.0 See oles 0.71 
». 0.705 


Computed...... 3,482 ce on Pee an 2.88.. 


2,400 volts to ground was applied to one — 


conductor only, potential between other 
two conductors and ground measured at 
far end was 300 volts. 


the three conductors as shown by three 


Measured Computed 


ry 


.816/9.95 


There was no ap-- 
preciable unbalance of reactance between | 
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Table VII 


ane test B, saad 


during tests. 


Current and Voltage 
crease 


hing Divided ee 
' Test at Other 


ee 


.. Balanced three-phase po- 
tential applied to all 
three conductors with 
them open at otherend... 

., Balanced three-phase po- 

tential applied to all 
three conductors with 
themshort-circuitedand 
grounded at other end.... 
. Single-phase potential ap- 
plied between all three 
conductors and ground 
with them tied together 
and ungrounded at other 
e(s Mp ame re erie 

. .Single-phase potential ap- 
plied between all three 
conductors and ground 
with them tied together 
and grounded at other 


(Got 


..Current—l. 4 ; 

Ey. “Single-phase potential ap- ne 
plied between one con- cae 
ductor and ground with yy? oe 
It. Baeraundes at other 
end.. oe 

: Single-phate potential ap- 
plied between one con- 
ductor and ground with 
it grounded at other 


ss eee 


ee erere 


line- to-neutral impedance values of 257.5, — 
257.5, and 258 ohms which were com- { 
puted using three-phase values berg dur 


Sainnars of Conclusions 


- Comparison of measured and comput 
constants for this weg of line constructi 
show: ~ 


iL. Measured anal compyited positive + 
sequence units of resistance, reactance, — 
and susceptance are substantially equal. 
For most practical purposes conventional — 
calculating methods of determining. these , 
constants are satisfactory. si 


2. Measured and computed nero hae 
sequence impedances compare favorably. — 
Computed values from line dimensions a 
satisfactory for most purposes. 


3. Measured and computed constants - 
compare favorably for a one-conductor-and- 
ground channel or circuit of type measured — 


_ 


4 
] 
" 
; 


4, Greatest. difference between mienaneee ee 
‘and computed line constants occurs in 


zero-phase-sequence resistance and Te- 
actance values. This is probably due for 
assumptions made and difficulty of tains 
into account all factors in complex Physical _ 


_ arrangement of conductor and shield wires 


and connections of shield wires to ground; 
resistance and reactance of shield wires — 
varies with current; Position of shield 
wires above conductors varies along line; 
transpositions; and indefinite value of 
resistance of earth. Average earth re- 
sistivity may be less than assumed 100 
ohms per meter cube as shown by values — 
of resistance for zero-phase and one- _ 
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conductor-and- ground circuits being less 
than computed unit values. 


5. Ratios of zero-phase-sequence resist- 
ance, reactance, and impedance to positive- 
phase-sequence values obtained from test 
' measurements are less than those obtained 
from computed values. 
ances as determined by measurement are 
slightly higher than those from computed 
values. 


6. Measured charadtarietic impedance con- 
ductor-to-conductor of 409 ohms is higher 
than theoretical, but is near 400-ohm value 
commonly accepted. 


7. Measured characteristic impedance of 
zero-sequence circuit is about 783 ohms and 
is lower than computed. 


8. Measured and computed characteristic 
impedance conductor-to-ground with shield 
wires is about 550 ohms depending on 
current magnitude and ground conditions. 
One-conductor-and-ground circuit without 
shield wires may have characteristic im- 
pedance much greater than 550 ohms. 
Thus carrier relay tuning equipment con- 
nected between one conductor and ground 
should have adjustment range sufficient to 
‘permit matching impedances considerably 
above 400- and 500-ohm values commonly 
used for open-wire transmission circuits. 


9. Zero-phase-sequence and one-conductor- ; 


and-ground circuit measurements were 
made with comparatively small currents 
flowing in shield wires, due principally to 
inherent low voltage of test method. Al 
though resistance and reactance of shield 
wires vary with current magnitude and may 
be a different value during fault conditions 
when higher currents flow than when 
measured using low currents, values ob- 
tained by measurement check conventional 
methods of computing line constants. 


10. Exact methods should be used in 


calculations to determine ground and phase 


currents for relay settings on long trans- 


mission lines. Short-line or approximate 
methods can result in errors of considerable 
magnitude. 


Appendix Computation 
Procedure © 
Short- and open-circuit impedances 


- viewed from instrument end and listed in 


Table I were determined from ammeter, 
voltmeter, and wattmeter readings. Pillar 


and architrave values of equivalent a 


network described in Appendix II were 
- computed by means discussed in Appendix 
UII. ABCD constants of network were 
determined from these by formulas given 
in Appendix IV, and were checked using 
rule AXD—BXC=1 as well as other rela- 
tionships listed in Appendix IV.. Unit or 
per-mile values of resistance, reactance, and 
susceptance were determined from these 
ABCD constants by a cut-and-try pro- 
cedure discussed in Appendix IV. A second 
group of ABCD constants | was calculated 
from these unit values and compared with 
_ original ABCD constants as a check on the 
per mile values to see that they would yield 
constants equal to those from which they 
were aes. This procedure was followed 
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for positive-phase, zero-phase, 


Ratio of suscept- . 


and one- 
conductor-and-ground network constants. 
Unit positive-phase-sequence values were 
obtained from manufacturer of conductor 
and reference 4, Zero-phase-sequence and 
one-conductor-and-ground-circuit unit 
values were computed from line dimensions 
as explained in Appendix V. These unit 
values are compared with those obtained 
through measurement as listed in Tables 
II, III, and IV. ABCD constants were 
computed from these theoretical values. 
These constants also are compared with 
measured values in same tables, together 
with open- and short-circuit impedances 
and characteristic impedances. A and D 
constants were assumed equal. : 
All calculations were made on con- 
ventional 10-inch slide rules with most of 
them on vector types. No attempt was 
made to carry calculations and decimal 
places further than accuracy of basic test 
data. Considering computation procedure 


-and that exact long-line formulas were 


used in determining constants and unit 
values, it is believed results are accurate 
within plus or minus one per cent. 

The 60-cycle impedance of about 0.2 
ohm of carrier-current traps was considered 
too small to be included in the calculations. 
Since sag and tension add only about 
one half of one per cent to actual length of 


- conductors over surveyed line length, these 


factors were not taken into consideration. 
While there may appear to be slight 
repetition of comparison of values, for in- 
stance characteristic impedances are given 
in Tables II, III, and IV and then they are 
summarized in Table V, this is done to 
acquaint reader with relative magnitude of 
these impedances and their relationship. 
Positive-phase-sequence A and C con- 


‘stants in this paper differ slightly from 


those given previously ! because of use of 
a more direct route of calculating them. 
That is, knowing B and Z,,, D or A can be 
determined more directly from Z,.=B/D, 
than from Z’,,=B/(A—1). However, these 
ABCD constants do not change unit values 
previously determined because those values 
are still within accuracy of method and 
basic data. 


Appendix Il. Equivalent Network 


Figure 3 represents equivalent + network 
of transmission line used in calculating 
constants and checking impedance relation- 
ships of positive-phase-sequence, zero-phase- 
sequence, and one-conductor-and-ground 
circuit. For positive phase sequence, pillars 
represent shunt susceptance and architrave 
equivalent line or transfer impedance. 
Pillars represent line-to-ground capacitance 


and architrave the through impedance for 
all three conductors in parallel which was 


Figure 3. Equivalent x network used to repre- 
sent ' positive-phase, zero-phase, and one- 
conductor-and-ground circuits 
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condition when basic zero-phase-sequence 
data were taken. For zero-phase-sequence 
circuit, these equivalent impedances are 
multiplied by three. For one-conductor- 
and-ground circuit, pillars represent ca- 


‘pacitance between that conductor and 


ground, and architrave the through im- 
pedance. 

Referring to’ Figure 3, Z,, is open-circuit 
impedance 
opposite end open. 
ing into network with opposite terminals 
short-circuited together. 


Appendix Ill. Relation Between 
Laat heap Lecp ane ee 


Refer to Figure 3: 
b Beer And 
2,,= 508 (a) 
Leg tZ eg 
Zieh tZuy) ra 
22! g-tLeq 
From (1): 
2s xz’ “3c XZ eq 
Z. (3) 
bar Z! tog —Zy5e ; 
Substituting this in (2) and reducing gives: 
Z' oq? 
Lo = (4) 
al pa A ; 
Solving for Z’¢q:. : swt 
Ae aA \ 172804 :) (5) 
} Lic y 


which gives Z’-¢ in terms of measured Zy. 
and Z,, values. Substituting results from 


equation 5in equation 3 givesZ,,. Equations 


3 and 5 were used to obtain components of 
equivalent + ftom Z,. and Z,, values as 
measured. 


onan IV. Relationships of 


General Constants and Unit 
Values 


Following formulas were used to obtain 
ABCD values from open- and short-circuit 
impedances, and to check results: 


A D 

ele 5 6). 
Za me (6) 

BB 

ae 7 
Zsc ae (7) 
Z.q=B (8) 

B 

rie seo 9 
Beg G (9) 
AXD-—BXC=1 (10) 


Expressions for ABCD constants from 


. references 4 and 5 are: 


AcDecot ZF 
ZY ZY? zZys 
~(4 ++ 720 +...) 


(11) 
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looking into network with 
Z;, is impedance look-— 


B= yz sn /ZY 


ZY ZY? Z3y3 — 
=Z| 1 f.. 12 
( = 6 120 5,040 * ) 4) 
‘ c= sinh a/ ZY 
ZY ZY? ZyY3 
ariel ote 13 
(+2 a 120 150407 ) ( ) 
Unit Cees reactance, and sus- 


ceptance were obtained from equations 11 
and 12 and from 


Z=Lr+jx) (14) 
Y=L(e+jb) (15) 


by first equating value of A obtained from 
Zoe and Zz, to expression 11. ZY in series 
‘of (11) was found by cutting-and-trying. 
' This was then substituted in (12), and know- 
ing B, Z was found and then Y. Unit 
values were found from equations 14 and 
15. Y was found to have a very small 
conductance component g, but this was not 
‘retained because its value was considered 
to be too indefinite for methods used. 


Appendix V. Unit Resistance, 

Inductive Reactance, and Capaci- 

tive Susceptance From Line Dimen- 
sions 


¥ Positive-phase-sequence unit constants 
were obtained from tables and following 
methods given in chapter III of reference “ 
Values obtained are: 


Yp=0.238 ohm per mile at 25 degrees 
centigrade and 60 cycles 
| Jxp=j0.803 ohm per mile 
‘Jbp =J5.18 micromhos per mile 


These do not include effect of earth and 
shield wires. 
_ Zero-phase-sequence unit constants were 
obtained following methods given in chap- 
ters VII, VIII, and IX of reference 5 and 
chapters XI and XII of reference 6. Values 
obtained are: 


‘ 7% =0.829 ohm per mile at 25 ets 
: centigrade and 60 cycles 

jxo=j2.28 ohms per mile 

769 =j38.65 micromhos per mile 


These include effect of shield wires. 
Average spacings and geometric-mean- 


distances were used in an effort to include 


effect of transpositions and different sag 
‘of conductors and shield wires. 

Unit constants of one-conductor-and- 
ground circuit were obtained following 
methods given in chapters VII, VIII, and 
IX of reference 5 and chapters XI and XII 
of reference 6. Values obtained are: 


7,=0.488 ohm per mile at 25 degrees 
centigrade and 60 cycles 
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jxi=j1.3 ohms per mile 
jb,=74.6 micromhos per mile 


These values include effect of shield 
wires. An average geometric-mean-dis- 
tance between one conductor and shield 
wires was used in calculations for unit 
inductive, reactance. Likewise average 
spacings were used in calculations for unit 
capacitive susceptance. 

Following is a summary of basic as- 
sumptions, geometric-mean-radii, geomet- 
ric-mean-distances, and related data used 
in computing 
dimensions: 


An earth fediativity. of 100 ohms per meter cube 
was assumed. 

Equivalent depth of earth return was taken as 
2,800 feet. 


Conductor diameter =0.683 inch. 
Conductor resistance =0,238 ohm per mile at 25 
degrees centigrade. 


. Equivalent conductor spacing =18.25 feet. 


Geometric mean radius of conductor for jaductine 
reactance=0.0245 foot. 

Geometric mean radius of conductor epee for 
inductive reactance =2.02 feet. 

Geometric mean radius of conductor group with 
14.5 feet spacing for capacitive susceptance =2.11/ 
feet. 


Shield wire diameter taken as 0.375 inch. 
Shield wire resistance: 
For current of 1 or 2 amperes =4 ohms per mile. 
For 40 amperes =7.4 ohms per mile. 
Shield wire geometric mean radius for inductive 
reactance: 
Low current of 1 or 2 amperes =10 ~3 feet. 
' For 40 amperes=10~" feet. 
Geometric mean radius of shield-wire group for 
inductive reactance: 
Low current of 1 or 2 amperes =0.132 foot. 
For 40 amperes=4.18X10-5 feet. \ 


Geometric mean distance of separation between 
conductors and shield wires=19.55 feet. : 
Geometric mean radius of shield wire group for 
capacitive susceptance=0.523 foot. 

Geometric mean distance of. separation between 
conductors and images for capacitive susceptance= 
67 feet. 


' Geometric mean distance of separation between 


one shield wire and conductor images for capacitive 
susceptance=81,5 feet. 

Average geometric mean ‘distance of separation 
between one conductor and shield wires for in- 


_ductive reactance = 19.5 feet. A 


See Figure 2 for average conductor and 
shield-wire spacings and distance above 
ground. 


Appendix VI. Nomenclature 

ABCD—General constants of any four 
terminal network not having an internal 
source of voltage. 

A,B,C,D,—Positive-phase sequence gen- 
mal constants. 

AyBoC)D.—Zero-phase sequence general con- 

stants. — 

A,B,C,D;—General constants of one-con- 
-ductor-and-ground circuit. 

1pjXpjby—Positive-phase sequence per mile 
values of resistance and inductive react- 
ance in ohms and capacitive susceptance 
in micromhos. . 

ojX0jbo—Zero-phase squence per mile values 
of resistance and inductive reactance in 
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-unit constants from line - 


_ MISSION Lines, A. R. van C. Warrington.. AIEE 


_ 6. Crrevurt ANaLysis or A-C PowErR Svante 


oie? and capacitive susceptance ¥ 
micromhos. | 
r1j1jb:1—One -conductor-and-ground per 
values of resistance and inductive re 
actance in ohms and capacitive sv 
 ceptance in micromhos. ae 
Zocp» Zsey—Positive-phase-sequence imped- 
ance in ohms looking into line with fas 
end open-circuited and a 
respectively. 
Zoco, Zsco—Zero-phase sequence impedance 
' in ohms looking into line with far end 
_ open-circuited and short-circuited — 
ground respectively. These ‘are t 
times impedances obtained with all thre 
conductors paralleled. ae 
Zane Zscr—Impedance looking into one- 
conductor-and-ground circuit with far 
end open-circuited and short-circuited to 
ground, respectively.- 
Z,q—B constant or architrave of equivalent 
pe aw network in ohms. ' 
Z’-¢—Impedance of shunt path in ohms at 
two ends or pillars of 7 network. 
Z/?—Impedance in ohms. 
z/8—Impedance, ohms per mile. 
Z,Z2:—Total line impedance or L(tp + 
"ie L(to+7jx0), L(i1+71) respectively. 
Y,Yo¥i—Total line admittance or Ley 
405); L(go+jbo), L(gitjos) respectn ya 
I—Line length in ae 
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A Pneumatic Mechenten Be Onder 
’ Ol Circuit Breakers pare 


L. J. LINDE 


ASSOCIATE AIEE 


ey NG mechanisms for power 
circuit breakers differ from most ma- 
chines in that: 


1. Moderate amounts of energy must be 
released quickly and easily at a high power 
rate. 


2. Energy must be available for their op- 
eration under emergency. conditions,, par- 

ticularly when normal power sources would 
be interrupted. ; 


These particular conditions are satisfied 
readily by a stored-energy system where 
energy is accumulated with moderate 
rates of power and held ready for instant 
consumption. Stored-energy systems can 
be selected in many forms. The rubber 
bands of a toy airplane are one form, the 
tocket projectal another. Switchgear 
however places a premium on reliability, 
not on lightness or novelty, a demand that 
‘considerably restricts the practical choices 
that can be made. 

Of the several choices that are avail- 

able, storage batteries, compressed springs, 
and compressed-air systems have histories 
of satisfactory applications as energy ac- 
cumulators for power circuit breakers. 
_ The high closing speeds of modern oil cir- 
cuit breakers demand a rather large 
amount of power during a short interval of 
‘time. The larger circuit breakers may re- 
‘quire more than 5,000 foot-pounds in 20 
cycles during closing. To close a breaker, 
the mechanism must transform 20 kw of 
power to mechanical energy. Such de- 


mands for power can be supplied most ef- 


ficiently from an energy accumulator lo- 
cated close to the circuit breaker. Losses 
over any distance naturally will reduce 
the available power at the breaker unless 
the capacity of the transmission channel, 
~ such as control-power leads or air lines, is 
increased considerably. Storage batteries 
suffer that particular handicap. They are 
economical when located centrally, and 
where they can be properly maintained 
and protected. They are not economical 
mor very practical when placed adjacent 
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to each of a scattered group of circuit 
breakers. With batteries located at a cen- 
tral point, the R drop of the control leads 
is of concern when control power is dis- 
‘tributed over the distances to the breakers 
of a high-voltage yard. 

Energy, however, can be economically 
and practically stored at each circuit 
breaker as compressed air or as stressed 
springs. Air can be compressed by small 
commercial motor-driven air compressors, 
stored in a moderate-size tank and re- 
leased by an electrically operated control 
valve. Energy also can be accumulated 
and stored by compressing springsthrough 


_a motor and gear-reduction unit, released 


and controlled by a suitable system of 
The methods of ac- 
cumulating, storing, releasing, and con- 
trolling the energy of these media deter- 
mine the success of the final circuit breaker 
under operating conditions. The mecha- 
nism discussed in this paper uses com- 
pressed air as the stored-energy operator. 
The choice has been made after a careful 
analysis of the listed advantages: 


1. Energy is accumulated through a simple 
and familiar fractional-horsepower motor 
and standard air compressor. Power de- 
mands are held to a low value. 


2. The energy is stored in an air-storage 
tank at the circuit breaker. 


8. The closing power is released ee con- 
trolled through a low-energy electrically 
operated air valve, other mechanical reduc- 
tions being unnecessary. 


4. Compressed air has little inertia. It is 
fast, and its resilience moderates accelerat- 
ing forces. 

5. .The speed of response and lack of inertia 
of compressed air permit a ready reversal of 
flow to trip free the contacts of a circuit 
breaker. 


Against these choices must be consid- 
ered the apparent handicaps of com- 
pressed-air systems: 


1. Storage must be nearly airtight, and, 
theoretically, leakage must never equal the 
rate of accumulation by the compressor. 
Practically, the leakage should be held toa 
small percentage of this rate. 


2. Moisture in the air may give difficulties 
at freezing temperatures. 

_ The mechanism here described has been 
developed with emphasis on the elimina- 
tion or control of the handicaps listed. 
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age. 


Practical solutions to the problems of 
moisture formation with freezing and air 
leakage have been developed and tested 
carefully. It is believed that this com- 
pressed-air system offers the advantages 
of a stored-energy system not readily 
available in other conventional operat- 
ing mechanisms. See Figure 1. 


Operating Characteristics 


The value of a circuit-breaker operating 


mechanism cannot be determined on the 


basis of energy storage alone, for the 
choice of an operating medium must in- 
clude a study of operating characteristics 
under “‘closing,” “tripping,” “tripped 
free,’”’ and ‘immediate reclosing” perform- 
ance cycles. This comparison of com- 
pressed air with other media already has 
been presented on the basis of energy stor- 
The benefits of pneumatic systems 
when designed to satisfy these other oper- 


‘ating characteristics will be discussed. 


CLOSING CHARACTERISTICS 


With ample energy stored at the breaker 
as compressed air, the breaker contacts — 
can be closed with desirable velocity and 


_ force characteristics through an air cylin- 


der. Air compressed above 100 pounds 
per square inch responds with unusual 
speed to control demands. Opening the 
air-control valve admits air to the cylinder 
assembly at a rate that permits full pres-. 
sure build up before the contacts are in 
motion. Pressure is maintained at a rate 
determined by a controlled orifice, ac-— 
celerating forces, and the opposing forces 
of the contacts. Figure 2A illustrates a 
typical pressure and travel curve as this 
mechanism closes a standard oil circuit 
breaker. Contactspeedsmay becontrolled 
closely by selection of the operating 
pressure. A controlled flow of air limits 
the “runaway” and “two-stage” action on — 
contacts characteristic of some prime 
movers. This two-stage action, or hesi- 
tancy when the contacts engage, is par- 


‘ticularly undesirable when the breaker is 


closing against loaded lines or against 
fault current. Compressed air is positive 
and powerful in closing a circuit breaker. 


TRIPPING CHARACTERISTICS 


When used with a modern tank-type oil 
circuit breaker, a pneumatic mechanism 
uses compressed air to complete only the 
closing operation. ‘Tripping or opening 
the breaker is accomplished by simply dis- 
engaging a holding latch or prop. The re- 
lease of this trip latch frees the opening 
and contact springs to open the contacts. 
The inertia of most prime movers may re- 
tard this opening speed unless the prime 
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mover is divorced from the contact struc- 


ture by a collapsible trip linkage. Such a 
linkage may delay areclosure while it resets. 


The compressed-air mechanism, with 


that 


little inertia, does not require a collaps- 


ible trip linkage. The output crank, freed 
from the holding latch by the trip coil, 


swings to its open position, and the mecha- 
nism is prepared to reclose the circuit | 


breaker without delay. 
Trip-FREE CHARACTERISTICS 


In trip-free operations it is desirable 
the contacts of the breaker be 
reversed in their motion before a clos- 
ing operation is completed. 


solenoids or motors, driving a closing 


mechanism, would be too slow in their 
mechanical response to a demand for re- 


versal of motion were it not for the me- 


_chanically trip-free mechanisms employed. 


Such designs use collapsible linkages held 
rigid by a latch. Placed between the 
prime mover and the contact structure, 
this linkage can be collapsed by releas- 
ing the latch with a solenoid trip coil. 


_ The contacts of the circuit breaker, de- 
prived of their closing force, quickly re- 


turn to the open position. Unfortu- 
nately, the prime mover, being slow in 
mechanical response, commonly con- 


‘tinues to drive onward, acceleration and 


impact forces replacing the suddenly lost 
contact-closing load. 

The speed of compressed air and its i im- 
mediate response to control provides a 
practical prime mover requiring only 
speedy control to reverse or release its 
driving power within the time limits re- 
quired of a trip-free operation. Fast con- 
trol is provided by an electrically oper- 
ated air-control valve. Power release is 
controlled by a dump or release valve 
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Heavy’ 


(anny Ve yi 


Figure 1. 

ating mechanism for use with 

 frame-mounted outdoor oil 

circuit breakers, viewedthrough 
the right-hand doorway 


placed in the air line between the control 
valve and the cylinder. This dump valve 


_ is closed or opened by the balance of pres- 


sure between the control valve and cylin- 
der. Itis closed when the control valve is 
open, the piston then closing the circuit 


breaker. If, during the closing cycle the © 


control valve is closed, the sudden loss of 
pressure on the control valve side of the 


release or dump valve moves it to the 


open position, opening the cylinder port 


and exhausting the air in the main cylin- 


iB: 


der. With this sudden loss of pressure, 
and closing force, the circuit-breaker con- 
tacts return to their open position (Figure 
2B). Thus a trip-free operation is affec- 
ted by closing the solenoid control valve 


during the closing stroke of the circuit 


breaker. Actual operating speeds equal or 


may exceed those of mechanically trip-. 


free mechanisms using collapsible link- 
ages. Accelerating forces are not sacri- 
ficed to moving such links and levers. Ex- 
cess energy is released as a blast of air 
from the release valve. An original de- 
sign of the solenoid control valve pro- 
vides the speed desirable in the electrical 


and pneumatic control (see Figure 4). 


IMMEDIATE-RECLOSING CHARACTERISTICS 


By reclosing instantaneously against a 
temporarily faulted line, modern oil cir- 
cuit breakers have, in many applications, 
made a major contribution to service con- 


tinuity. In many cases the worth of this, 


contribution is dependent on the speed of 
reclosure. From the closed and latched 


position, the system may demand that the 


circuit be cleared and re-energized in as 
short a time as 20 cycles. Added to this 


requirement is the demand that the mecha- ; 


nism be prepared to trip free during the 
second reclosure." Mechanically trip-free 
\ 


A pneumatic oper- ; 


” 


tue 
generally a aie for 


- no- Heat test 
. cycles) demonstrates the speedy response of 
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S AG instantaneous- reclosing operation at 

120 pounds per square inch. Attention a 

directed to the initial travel of the piston ‘a 

low pressure. Here it meets the backward 

movement of the contacts, gradually stopping 

their motion and returning them to ee closed 
. position lee Wk 


Figure 2. Time-travel curves of a pneu- 
matically operated standard outdoor oil: 
circuit breaker 


bis qa 
Instantaneous relations of velinder pressure, 
piston travel, and breaker-contact travel are 


recorded. The curves are to a common scale 
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Figure 3. A diagram of a pneumatically tip 
free operating mechanism latched in the closed 
‘ ' position 


The control valve has closed; pressure in the. 

cylinder has moved the dump-valve piston to 

‘the right, uncovering the ports and exhausting 
the cylinder 


sive operations (Figure 2C). Proper at- 
tention to control circuits makes this a 
most satisfactory operating mechanism 
for instantaneous-reclosing applications. _ 


Description of the Mechanism 


Functionally the operating mechanism 
may be divided into: 


(a). The prime mover, : a linkage, 
and operating controls. 


VALVE BODY— 


DELIVERY TO 
CYLINDER <— SS 
MAIN 
VALVE SEAT 


HEATER RECEPTACLE 


Jury 1944, VoLuME 63 


Raw eng 


LAH) ( 
bd 
S 


MAIN PISTON VALVE 
FROM AIR 
a: RECEIVER 


‘exaust PATH FROM 
q@ PRESSURE CHAMBER 


TO. BREAKER 


OPEN POSITION 


OUTPUT CRANK 


-CLOSED POSITION 


TOGGLE. CRANK 


+ CONTROL VALVE 


DUMP VALVE PISTON 


(6). Compressor, air-storage equipment, and 
controls. 


THE PRIME Mover, MECHANICAL ~ 
_ LINKAGE, AND CONTROLS 


The arrangement of the mechanism is 
illustrated in Figure 1. It includes a 
frame, a closing linkage, a trip latch, a 
cylinder and piston assembly, a dump 
valve, and a control valve. The mecha- 
nism is supported rigidly on a pair of verti- 
cal channels forming part of the housing 
and bolted directly to the supporting 
framework of the oil circuit breaker. 

The closing linkage, Figure 3, consists 
of the output and toggle cranks arranged 
to operate as rolling toggles during the 


closing and in the latched position. Asa 
toggle this system adjusts the closing 


PERMANENT MAGNET POLE PIECE 
OPERATING COIL 
TRIP FREE COIL 


CUT-OFF COIL 


Figure 4. An elec- 
trically trip-free air- 
control valve 


The valve is sealed 
open magnetically 
and recloses as the 
holding flux is shifted 
by energizing either 
the trip-free coil or 
the cutoff coil 
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forces of the piston to the contacting 
forces of the circuit breaker. In the 
closed position a trip latch or prop drops. 
under a roller on the lower toggle crank. 


' Until this latch is forced from under this. — 


roller either by the trip solenoid or by 
hand, the breaker contacts are locked 


Closed. An air-operated cylinder and 


piston are mounted directly to the mecha- — 
nism frame. The piston plunger oper- 
ates against the roller of the lower toggle 
crank to force the mechanism to the 
closed and latched position. A hydraulic 
jack may be used against the lower pistom 
extension for manual operations when 
the breaker is being inspected or main- 
tained. Because air pressure in the cylin- 
der is transient, it is not necessary to seal 
this part of the system against normal 
leakage. The piston is fitted with a con- 
ventional piston ring. Mechanical clear- 
ances are not unduly close. ‘ : 
The operation of the air piston is con- 
trolled by an electrically operated air 
valve shown in Figure 4. Energizing the 
“operating coil” at the top of the valve 
lifts an armature coupled to a pilot valve. 
As this valve is opened, an unbalance of * 
pressures opens the main piston valve. In — 
the open position the armature seals 
against a small permanent-magnet pole — 


. piece. Near the end of the power piston’s 


closing stroke an auxiliary switch ener- 
gizes a small cutoff coil adjacent to the 
magnetic pole piece. The flux of the per- — 
manent magnet is shunted out by the 
field of this coil and releases the armature. 
The pilot valve and, in turn, the main con- 
trol valve close. With the control valve 
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Figure 5. Records of a representative test of a 
pneumatic mechanism under controlled cold- 
room conditions 


Air was accumulated in the storage reservoir — 
while the room was at 70 degrees Fahrenheit 
with a relative humidity of 96 per cent. 
The ambient temperature of the room was then 
dropped to and held at 40 degrees Fahrenheit . 
below zero. The compressor, pressure 
switches, control, dump, and check valves 
were operated at indicated intervals. Re- 
corded temperatures are shown during this test 
run 
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closed, the dump valve slides to its open 
position, and the compressed air in the 
operating cylinder is released. 
For trip-free operations a small trip- ated 
coil similar to the cutoff coil is energized in 
parallel with the trip coil, the control 
valve is closed, and again the compressed 
air is released from the main cylinder. 
‘This trip-coil circuit can be energized 
-from a conventional d-c source. The 
trip-coil currents are comparable to those 
of other mechanisms, being six amperes at 
125 volts direct current. 


Compressor, AIR-STORAGE, AND 
CONTROL EQUIPMENT 


The problems peculiar to compressed- 


air mechanisnis for circuit breakers in- 


elude reliable air storage and freedom 
from air stoppages due to the freezing of 
accumulated moisture. As an answer to 
these problems, every effort was made to 


simplify all piping and to have all such. 
. piping drain to a common sump. A 
minimum of joints reduces the possibility 


of leaks. Proper drainage reduces the 


_. difficulties with accumulated moisture. 


A standard-type air compressor, driven 
by a fractional-horsepower motor, is 
mounted adjacent to the storage reservoir 
near the top of the mechanism housing. A 
coil of formed tubing serves as an after- 
cooler between the compressor and the 


storage tank. The tank, manufactured 


to all code requirements, has storage ca- 
“pacity for at least five successive breaker 
operations. Condensate is accumulated 
in a small sump at the lowest point in the 
house. A hand valve i is used to blow off 
this sump. 

Pressure switches control the air sys- 


tem. The first switch controls the com- 


pressor motor and regulates the pressure 
‘A second pressure 
switch opens the breaker-closing-control 
circuit if the storage pressure is below a 
working minimum. A third switch can 


be used to operate a minimum pressure 


alarm. A pressure gauge, safety. valve, 
and check valve complete the air-system 
accessories. \ 

Experience with compressed-air_sys- 
tems has emphasized the value of careful 
design and design testing to prevent pos- 
sible difficulties from freezing. Any 
troubles at freezing temperatures origi- 
nate with moisture accumulations. The 
air lines of the operating mechanism are 
laid out to reduce moisture pockets to a 
minimum. 


As a guard against freezing during sub- | 


zero temperatures, small resistance heat- 
ers are installed at the control valve and 
on the supporting base of the compressor. 
A small space heater, located below the 


i 


_B. W. ERIKSON 


“Indus Coils. 


NONMEMBER AIEE. 


OR many years, American Standard 
C19 - (Underwriters Laboratories, Inc. 
issue of 1938 and National Electrical 
Manufacturers’ Association industrial- 
control standards publication 40-59, April 


1940) for industrial-control apparatus | 


has specified an allowable temperature 
tise for industrial-control coils with 
class-A insulation of 85 degrees centi- 
grade by resistance. Although this is 25 
degrees centigrade higher than the value 
of 60 degrees centigrade rise by resistance 
established for rotating machinery with 
class-A insulation, service experience with 


contro! coils has been thoroughly satis-— 


factory. It is estimated from field ex- 
perience that not more than five per cent 
of all coil failures have been caused by 
temperature, despite the frequent use of 
above-normal voltages. The author be- 


lieves, therefore, that the present control. 


Paper 44-140, recommended by the AIEE com- 


mittee on electrical machinery for presentation at 
og AIEE summer technical meeting, St. Louis, 

June 26-30, 1944. Manuscript submitted 
ree 13, 1944; made available for ests May 
17, 1944. 


B. W. Errxson is in the industrial-control engineer- 
ing division, General Electric es Schenec- 
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standard has proved to be conserve : 
with respect to temperature-rise limi 
The chief reasons for the superior 


- perature-life expectancy of indus 


control coils as compared with rota 
machinery having class-A insulation 
their rigid structure and small si 
These conditions together with 
thorough varnish sealing possible, el: 


nate the failures from brittle insula 


that occur in large apparatus subjected 
vibration. 


Service eae jie 


This fact tliat insulation life depe 
very large’y on the type of apparatus 
service, as well as upon the insulati 
materials used, was recognized in t 
1940 revision of AIEE Standard 1 
indicated by the cokers quotat 
from its preface: — 


ee 


How long an insulation itt last 
ieaiby will depend not only on the class 
material used, but also on the effectiven 35 
of the physical stipport for the insula ty 
and the severity of the physical forces tend-— 
ing to disrupt it. Even though portions of 
insulation structures of organic materials 


mechanism, moderates the temperature 
of the house. These heaters are controlled 
by a thermostat which energizes these 
heaters when the inside ambient tem- 
perature is SS than 50 degrees Fahren- 
heit. . 


With these provisions, aeons have 


proved. satisfactory to 40 degrees below 


zero Fahrenheit, under the controlled-test — 


conditions of a refrigerated room. Dur- 
ing an extended series of tests in this re- 
frigerated room the compressor accumu- 
lated air of both low and high moisture 
content. Continuous tests were recorded 
over extended periods to duplicate the 
more severe operating conditions. Figure 
5 summarizes some of the more interesting 
records. 


Summary 
i , 
This compressed-air mechanism has 
been developed to answer the require- 


ments of a simple and reliable stored-en- 
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ergy mechanism. By arranging this mecha- 
nism to be pneumatically trip-free, it has’ 
been possible to get the high-speed op 
tions required of modern oil circuit break: 
ers. The mechanism has been tested 
under severe operating conditions to in- 
sure trouble-free performance. Ti 
travel curves show satisfactory ch 
acteristics for closing, tripping, trip-free 
and instantaneous reclosing operator 
The absence of synchronized mechanical 
motions and critical mechanical adjust- 
ments contributes to a reduction i in main- 
tenance and will add to reliable operation. 
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have become oxidized or embrittled under ' 


the influence of high temperatures, success- 
ful operation of the windings may be ob- 
tained over further periods of years, if such 
insulation is not mechanically disturbed. 
“Tn view of the important influence of 
mechanical stresses, thermal expansion and 
contraction forces impose temperature-rise 
limitations on larger apparatus, even though 
higher temperature rises have proven to 
be satisfactory in smaller machines. 


“Tusulation life is also dependent to a con- 
siderable extent upon the access of oxygen, 
moisture, dirt, or chemicals to the interior 
of the insulation structure. At a given tem- 
perature, therefoge, well-impregnated wind- 
ings or totally enclosed machines may have 
much longer insulation life than windings 
freely exposed to industrial atmospheres. . 
*.. . It is important that individual types 
of apparatus and specific-purpose applica- 
tions should be free to use different tem- 
perature-rise values in accordance with their 
individual economic problems.” 


; 


At any rate, hundreds of thousands of 
class-A-insulated industrial-control coils, 
designed for a rise by resistance of 85 
degrees centigrade at 100 per cent volt- 
age, have been in use in industrial appli- 
‘cations for the past 25 years with entire 
‘success and customer satisfaction of a 
high order. This experience, therefore, 
‘supports the author’s conviction that 
the temperature-rise limits should be 
extended: 


(a). To take advantage of advances made 
in the art of coil design and manufacture. 


(b). To utilize to the fullest possible de- 
gree opportunities offered by the many new 
synthetic materials which have come on the 
market in recent years. 


Better Designs and Service 


In reference to paragraph a, such im- 
provements as have been made in molded 
“compounds, varnishes, cloths, paper, and 
‘wire should be and have been reflected 
in better and longer-lasting coils. De- 
signs today tend to be even smaller and 


more compact and for this reason do not. 


readily deteriorate mechanically subse- 
‘quent to overheating (for typical ap- 
‘pearance of control-coil designs see Figure 
1). Improvements in coil construc‘ion 
will result in smaller and lighter de- 
signs. 
and relays speed up device operation, 
prolong life of moving parts, tend to 
‘reduce maintenance, and, in general, give 
greater customer satisfaction. 

Also much has been learned about meth- 
ods of support so that present coil de- 
signs are well and firmly held in place. 
This means that the drying out of the 
insulation at elevated temperatures will 
not result in mechanical failure of the 
‘Sige hl Another factor which 
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These when used in contactors 


is of considerable help is the use of class-A 
non-water-absorbent insulation materials. 


Old-time- papers and cloths when dried a 


out and later subjected to moisture con- 


ditions act as a wick absorbing consider-_ 
able quantities of water. This action, of 


course, is productive of current leakage 
and electrolytic corrosion of the copper 
wires and is far more destructive to coil 
life than temperature aging by itself. 
This temperature-aging moisture-ab- 
sorption’ characteristic does not apply in 
the same degree to modern synthetic in- 
sulation materials! Cellulose acetate, 
polystyrene, polyvinyl-chlorides, poly- 
amides, and the glass or glass-laminated 
products are far better than the papers, 
silks, and cottons in common use when 
the present standards were first written. 


_This is substantiated by field experience 


which has shown that temperature fail- 
ures are less than five per cent of total coil 
failures. 


New Materials 


Again if we consider paragraph -}, 
these new materials? and their applica- 
tions do not fall too well within our pre- 
vious concept of class-A materials. 
Nylon, for instance, is a good illustration 
of a material of organic origin that will 
withstand temperatures in excess of 
those permitted by AIEE class A. On 
the other hand it cannot be classified as 
class B. There are many materials of this 
general nature that will be available after 
the war. 

For instance, as an illustration of the 


many new synthetic materials which - 


favor a change to higher temperature 
standards, we have such materials as 
General Electric Company Permafil, 
Westinghouse Electric and Manufactur- 
ing Company Fosterite, Bakelite Corpora- 
tion number 16,631, Columbia Corpora- 
tion resin CR 39, and Monsanto Chemical 
Company number 100 type of resin, and 
a host of others, manufactured by such 


companies as Klascon, Ault and Wiborg, | 


Marco, and others. These materials are 
chemically different from old-style con- 


ventional oil varnishes and beyond a 


doubt, far superior at elevated tempera- 


tures when properly applied. 


Test Data 


Actual long-time test data running into 


years of field experience are not available 
for most of these materials, operating at 
their top temperature limits. However, 
much practical field experience has been 
gained over the last two-year period in 
applications where these materials have 
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Typical industrial-control contactor 
coil 


Figure 1. 


been in demand. Such applications as 


common to the aviation industry are 


very nicely taken care of by the high 
power factor, high dielectric and tempera- 
ture-endurance characteristics of these 
synthetics. aoe 

A few selected cases of test data on 


coils made with General Electric Com- _ 


pany Permafil are: 


A. A group of coils wound with 1,100 turns 


of 0.0179 wire were operated 600 hours at 
185 degrees centigrade total. Slight crack- 


ing of the insulation appeared at one end 


of one coil, but the others remained in per- 
fect operating condition throughout the 
test. 


B. Another group of coils being slightly 


larger, approximately four inches square, 


and consisting of 2,000 turns 0.0126 wire 


have to date been operated for 850 hours at 


165 degrees centigrade total temperature. 
To date there is no indication whatever of | 
insulation deterioration. 


C. Yet another group of coils of the paper- 
layer-wound variety insulated with Permafil 
and consisting of 6,000 turns of 0.010 wire 
have operated 1,000 hours at 150 degrees, 
centigrade without any sigus of cracking, 
crazing, shrinkage, or other deterioration. 


D. A filament transformer has been oper- 
ated on test 1,500 hours, with a voltage be- 
tween terminals of 25 kv at a total tempera- 
ture of 145 degrees centigrade. This coil 
is still in perfect condition. 


Laboratory Tests 


Much work has been done by the 
various laboratories interested in im- 
proving insulation materials. This, of 
course, applies to nearly all leading elec- 
trical manufacturers. Tests made by 
the author’s associates include heat aging 
on test specimens at 150 degrees centi- 
grade for one-year period and compari- 
son of power factor and dielectric after 
this period of time. Among the ma- 
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- materials. 


' 
terials tested, Permafil showed no deteri- 
oration during these tests. This applies 
as well to the electrical characteristics as 
to such mechanical considerations as 
shrinkage, cracking, sage ie! or 
embrittlement. 

From the multitude of tests men- 
tioned, the conclusion is evident that the 
heat-resistant synthetics of today are 
much superior to the common class-A 
What shall we do with these 


-- new materials? The author believes that 


* and are known only as numbers. 


now is the time to appraise these new- 
comers to the insulation field and where 


available introduce them on current | 


designs. However, to be able to do this, 


we must change the rules under which we 


operate. — ; ey 


New Heat-Resisting Synthetic 7 
_ Insulating Materials 


‘It is recognized that all synthetics are 


not improvements over. natural organic 
_ insulating materials. 


For this reason it 
is very difficult to classify the heat- 
resistant synthetics or to group them 
under family names; most of them do 
not have readily understandable names 
It is 


_ proposed, therefore, that these materials 


be grouped under the broad title of 
“Heat-Resisting Synthetic Insulating 
Materials.” The acceptance of any 


particular material under this definition 


ultimately should be dependent on proof 
that it meets the requirements established 


bya (future) test code of insulating ma- 


terials, or by accelerated life tests on 
complete coils. 


Application Problems _ 


r _ The existing temperature standards 


referred to in the introduction are based 
on continuous operation. This, of course, 
does not apply to the vast majority of 
control-coil uses, and for that reason 
recognition should be given this fact as 


part of the standards. 


_ conditions. 


_ Actually, very few control coil or 
motors operate under continuous-service 
This is a point that some- 
times is overlooked in considering in- 
sulating materials. Much has been 
written about life expectancy of class-A 


' materials.* The literature indicates that 


the useful life of organic insulations such 
as cotton, oil, and paper, is of the order 


of 7 to 15 years when exposed to 105. 


degrees centigrade continuously, with free 
access of air and moisture, and that the 
life is halved by each 8 to 12 degrees centi- 


548 TRANSACTIONS 


PERCENTAGE LIFE 


°"100 


NO 120 130 440 150 160 
TOTAL ' TEMPERATURE. °C 


Figure 2. Effect of temperature on life of 
class-A insulated magnet coils 


grade increase in temperature. Of 
course, the actual life in a particular case 
is increased if oxygen and moisture are 
excluded, and if exposure to maximum 
temperature occurs only part of the time. 
These latter factors account for the fact 
that control-coil life under present tem- 


perature-rise standards has approximated | 


ten years, in the author’s experience. 
Taking everything into account, the 
author believes that an 11 degrees centi-. 
grade temperature increase for half life 
is, the most reasonable assumption for 
organic insulation in agreement with 
reference 3 and as indicated in Figure Ds 
This curve is drawn with the 100 per cent 


life point located at 140 degrees centi- 
grade, corresponding to 100 degrees centi- 
grade rise over a 40 degrees centigrade 


ambient temperature. This curve is use- 


ful in predicting life expectancy at higher 


or lower temperatures of otherwise identi- 
cal applications.*® 

It is expected that the new ens 
ture-resisting synthetic materials will 
have an even better service life at this 
140 degrees centigrade total temperature 
value than has been the case with the 


_ older class-A insulation at the present 


limiting temperature of 85 degrees centi- 


grade rise plus. 40 degrees centigrade 
ambient temperature, or 125 degrees - 


centigrade total. 

It is of extreme importance to judge 
such data correctly in terms of probable 
life under actual operating conditions. 
Duty cycle, ambient temperatures, time 
for coils to attain maximum temperature, 
enclosures, and all other special condi- 
tions must be considered. It is and 
should be the application engineers’ 
problem to evaluate such data. This 
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; control coils, these are made to 
satisfactory service at temperatures w well 
above the 85 degrees centigrade rise 


. coils is much lower than in past practi 
~ and is normafly below the five degr 


dense materials has reduced the t 


Recommendations 


Standard 1 applying to industrial-contr 


. their insulating strength on any natt 
ance should be 100 degrees centigrade. 


2. For industrial-control coils of 600 voles 


of heat-resisting synthetic insulating 


2. For an article on new materials: ELRcTRi 


For instance, in the case of aire 


‘I 


40 degrees centigrade ambient temp 
ture. Considering expected life, thi 
sound application engineering and 
AIEE rules should be made flexible 
enough to include such cases. 


Hot-Spot Temperatures 


ee ; 
With today’s design practices, the 
hot-spot differential for industrial-con’ 


centigrade contained in AIEE Standar 

The .elimination of much fabric 
and layer insulation by the substitu 
of new extra-tough enamels and oth« 


perature gradient to practically zero. i. 


coil designs: 


1. For iid daneateaeteal coils of 600. vo! 
fating or less, using chiefly heat-resisti x 
insulating materials, not dependent for 


organic materials such as cotton, paper 
varnished cloth, and thoroughly i impregn 
with high-temperature synthetic varnis 
the permissible temperature rise by re 


rating or less, with insulation composed 
high percentage of inorganic materials, 
as glass or mica,-and wound on assem! 


terials, the permissible temperature ris 
resistance should be 120 degrees centigrade. 
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® ESEARCH and engineering studies © 


of gas-filled cable were started about 
2 years ago by the company with which 
he writer is associated and this develop- 
ient work has been carried on con- 
muously since then. Useful results in 
ae form of practical cable designs have 
esulted and more will follow in the future 


s our knowledge of the basic principles | 


f this type of cable increases. The 
resent paper will be in the form of a prog- 
sss report summarizing results ob- 
uined since the first two papers? on 
lis subject were presented before the 
IEE in 1939 and 1942. The same meth- 
ds of test and analysis of test data- 
escribed in the previous papers will be 
lowed and, although an attempt will 
e made to have the present paper com- 


lete in itself, it will be necessary to refer 


9 the older papers dsaceyeatly to avoid 
»petition. 

The soundness of gas-filled-cable de- 
gn is now well proved by more than 
ve years of practical operating experi- 
ace and this type of cable can no longer 
e considered experimental. There have 


een no service failures or signs of insula- 


on deterioration and during this period 


total of something like 20 separate in- . 


allations involving low-, medium-, and 
igh-pressure types, at, voltage ratings 


om 15 to 120 kv, have been produced. 


| this country by cable manufacturers. 
[ost of this experience has been with 
ie low-pressure type at voltage ratings 
p to 88 kv. There has, however, been 
mited experience with the medium- and 
igh-pressure types. Uniformity and 
mtrol of dielectric characteristics 


iper 44-133, recommended by the AIEE com- 
ittee on power transmission and distribution for 
esentation at the AIEE summer technical meet- 
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through gas-pressure control, simplicity 
of design and operation, economy, self- 
supervision of mechanical defects, and 
other features assure future usefulness. 


Ionization as a Function of Gas 
Pressure 


The establishment of -a reliable curve 
showing initial ionization starting voltage 
as a function of gas pressure furnishes a 
useful and important guide for design 
and operation of gas-filled cable. A 
curve of this kind was given in the last 
paper? and its significance was discussed 
at some length. Due to the ionization 
self-extinguishing effect in mass-impreg- 
nated gas-filled cable, which will later be 
dealt with in detail, the initial ionization 
starting voltage represents an operating 
voltage limit that can be closely ap- 
proached with safety. In this respect, 
gas-filled cable is the only known type 
that offers a direct way of predetermining 
safe operating voltage stress and insula- 
tion thickness by means of a ‘simple, 
short laboratory test on advance samples. 
It is for these reasons that close attention 
has been paid to the establishment of a 
reliable average curve of this type. 

The curve in the earlier paper? was 
known to be accurate up to a gas pressure 
of 30 pounds per square inch, since it was 
based on a number of separate tests up 
to that pressure. Additional tests made 
during the past two years have con- 
firmed this. There were reasons, how- 
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ever, to doubt the old curvé at pressures 
above 30 pounds per square inch. For 
one thing, the shape of the curve at the 


higher pressures did not agree with theo- 


retical calculations, having too much 
droop. The peculiar shape of the power 
factor curves in Figures 3 and 4 of the 


first paper! also indicated the possibility 


of extraneous effects. Later, it was con- 
firmed that the gas-filled test terminals 


were faulty and terminal discharges — 
Addi-) — 


accounted for these discrepancies. 
tional high-pressure measurements have 
since been made under better controlled 
conditions, 

Figure 1 gives power-factor curves at 
pressures from 15 to 55 pounds per 
square inch on a commercial length of 
46-kv three-conductor gas-filled cable 
with double-reinforced sheath. The cable 
was impregnated with standard number 
5317 compound and had received the 
usual standard treatment and com- 
pound drainage before test. It will be 
noted that ionization voltage up to 30 
pounds per square inch agrees with that 
measured on standard low-pressure gas- 
filled cable as reported in the past!? the 


ionization voltage stress being 85 volts ; 


per mil at 15 pounds per square inch. 
_ Figure 2 shows corresponding power- 
factor curves at pressures from 10 to 


' 225 pounds per square inch on a special 
length of hollow-core single-conductor — 


high-pressure cable in a steel pipe. It 


Figure 1. Three-conductor medium-pressure 
gas-filled cable, 400,000 circular mils, com- 
pactround conductors, strand shielding, 0.280- 
inch insulation, rated 46 ky to operate at 40- 
pounds-per-square-inch nitrogen pressure, - 
showing initial ionization starting voltage at 
different pressures after drainage of surplus 
compound before load-cycle. aging test 


Measurements at room temperature 


120 
> AV, VOLTAGE STRESS~ VOLTS PER My 
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was also impregnated with standard 
_ number 5317 compound in the usual way 
but the compound drainage treatment 
was much more severe than standard, the 
purpose being to remove all possible sur- 
plus compound from the insulation and 
thereby obtain more sharply defined 
curves. It is always difficult to obtain 
_ sharply defined ionization starting volt- 
age with standard cable, especially at 
the higher pressures. Obviously, also, 
such results obtained onseverely drained 
_ cable are on the safe side when applied 
to standard cable. 

"In this case, drainage treatment before 


leading consisted of application of ten. 


pounds per square inch nitrogen pressure 
to the conductor core, with the reel 


* length under vacuum in an impregnating 


tank at 100 degrees centigrade. This 
forced drainage continued for two days 
and examination of end samples showed 
the whole cable cross section to be quite 
“dry,” with little evidence of surplus com- 
pound between tapes. This “dry” condi- 
tion is further verified by the sharply 
defined ionization curves in Figure 2, and 


the relatively low ionization starting 


point of 65 volts per mil at ten pounds per 
_ square inch. Standard cable averages 75 
volts per mil at this pressure. 

The results in Figures 1 and 2 were re- 
plotted in Figure 3 and a revised curve 
_ of initial ionization starting voltage as a 
function of gas pressure constructed as 
shown. Up to 30 pounds per square inch 
this curve is the same as the old one.? 
Above 30 pounds per square inch the new 
curve has a much more rational shape 
and agrees better with the theoretically 
calculated curve. 
closer agreement might be due to any 
one of several things. Theoretical cal- 
culations of this kind are, at best, ap- 
proximate. Extraneous results at the 
higher pressures and stresses might pos- 
' sibly still be present in the test measure- 
ments, even though of lesser degree. 
Finally, the ‘‘dry” condition of the in- 
sulation undoubtedly lowered the meas- 
ured curve below the theoretical curve 
at the higher pressures, since the latter 
was based on results with standard cable 
up to 30 pounds per square inch, the 
extension above this pressure being cal- 
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INITIAL IONIZATION STARTING VOLTAGE — AVG VOLTS PER MIL 


Figure 2. Single-con- 
ductorhigh-pressure gas- 
~ filled cable—350,000- 
circular-mil conductor 
with one-half-inch hol- 
low core, strand shield- 
_ ing, 0.300-inch insula- 
tion, lead sheath, cable 


initial ionization  start- 
ing voltage at different 
pressures after very 
severe drainage of insu- 


lation at. 100 degrees 


centigrade 


‘Measurements made at 
room temperature 


culated from Paschen’s law,’ corrected 
for measured dielectric strength of nitro- 
gen gas at the higher pressures. | 


Working Voltage Stresses 


The disagreement between calculated 


and measured results is not important, 
since even the measured curve in Figure 3 


shows ionization voltage stresses at the 
higher pressures to be well above any 
working stresses that might be used in 
actual designs. For purposes of co-ordi- 
nated impulse strength the insulation 
thickness for a 138-kv high-pressure cable 
would correspond to an average 60- cycle 
working voltage stress of not more than 
145 volts per mil. Figure 3 shows that 
even with a gas pressure as low as 80 
pounds per square inch this working volt- 
age stress is well below ionization voltage 
stress. At present, reinforced-sheath 
medium-pressure gas-filled cable operates 
at a pressure of 40 pounds per square 


© MEDIUM~PRESSURE THREE- 
CONDUCTOR CABLE IN FIG. 1 

eae HIGH-PRESSURE SINGLE- 
CONDUCTOR CABLE IN FIG, 2 


40 80 120 160 200 240 
NITROGEN PRESSURE — LBS PER SQ IN. 


Figure 3. lonization voltage stress on solid 

insulation at which initial ionization starts in 

mass-impregnated gas-filled cable after drain- 

age of surplus compound but before endurance 
test voltage is applied 


Shanklin—Cable a aieth and Experience 


inch and an average working volt 


in steel pipe, showing: 


‘respect, no attempt has yet been made i. } 


that comparative long-time load-cycle 


the void spaces has had a good deal to do 


_ where all of the surplus compound came 


stress of 100 volts per mil. Reference | 
Figure 3 will show this to be well be 
the fone tion VON curve. fe a. Je 


nesses in oe Rinke as Boy, as aoe -Cy 
voltage stresses are concerned, In this 


take full advantage of the ionization 
self-extinguising characteristics of mass- 
impregnated gas-filled cable. 


Some engineers et “questioned ae 
fact that mass-impregnated cable is * 
designed on the basis of average voltage 
stress rather than maximum stress and 


tests, as previously reported,? have > 
shown no appreciable advantages for — 
strand shielding or extra thin paper tape — 
in the high-stress zone., These things ap-_ 
pear to contradict theory, which tells us 
that the high-stress zone near the con— 
ductor is critical and needs to be strength- 
ened by such expedients as strand shield- 
ing, thin paper tape, and limitations of 
maximum stress. These things have not 
proved necessary. because of the pro- 
nounced ionization _ self-extinguishing 
characteristics of this type of cable, which 
is something that theory ce not take 
into account. 

This action may not yet ic fully ac-— 
counted for but recent studies have given ; 
a better understanding of it, as will be 
described. From the beginning, it has — 
been understood that wax formation in — 


7 


with extinguishing ionization discharge 
in its incipient stage and before it has 
had a chance to grow and become cumu-— 
lative. The puzzling thing has been 


from that formed this wax, which com- . 
pletely or partially filled up the void 
spaces. This was not made clear until 
lengths of gas-filled cable impregnated — 
with compounds covering a wide range of 
viscosities were subjected to long-time — 
load-cycle tests and their behavior closely _ 
observed. It is now known that if the 
impregnating compound is of sufficiently — 
low viscosity to be mobile it will be drawn _ 
into the high-stress field both by capillary 
action and by the electric stress field, — 
itself. The voltage stress will also draw 
this compound into the low-specific-in- | | 
ductive-capacity voids and thus auto-_ 
matically rearrange the distribution of 
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Figure 4. Load-cycle endurance at ten- 


pounds-per-square-inch nitrogen gas pressure 
Three-conductor gas-filled cable of standard 
construction, with exception that impregnating 
compound wasthin number 5,314 oil having a 
Saybolt viscosity of 37 at 100 degrees centi- 
grade, insulation thickness 0.200 inch 


compound in the cable cross section to 
those locations where it is most needed. 
For convenience, this is termed auto- 
matic-grading action and the formation 
of wax, tending to fill up the voids, is 
termed self-healing action. 

Both work together in preventing 
cumulative ionization in the high-stress 
zone and, in fact, throughout the whole 


cable cross section. Dielectric uniformity | 


with absence of ‘‘weak spots” has always 
been an ultimate goal in high voltage 
cable practice. It is obtained in oil- 
filled cable by maintenance of oil pressure 
which, in turn, assures complete absence 
of voids. In mass-impregnated gas- 
filled cable it is obtained by controlled 
gas pressure and the use of a mobile 
impregnating compound of optimum. vis- 
cosity. Voids do form but their good 
behavior is assured by these auttomatic- 
grading and self-healing actions. 


Load-Cycle Endurance Tests 


CABLE IMPREGNATED WITH THIN OIL 


These actions were first made clear 
by the surprising results obtained on 
load-cycle endurance test with a length 
of three-conductor cable impregnated 
with relatively thin number 5,314 oil, 
such as used in oil-filled cable and having 


a Saybolt viscosity of 37 at 100 degrees 


centigrade. The results are charted in 
Figure 4, the methods of test duplicating 
jn all details those described in the two 
previous papers.’? The description of 
test will not be repeated here, except to 
state that the cable was of the low- 


pressure shielded type with 350,000- 
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LOAD TEMP — 80 DEG 
STEST: VOLTAGE — 
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lines é 
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ROOM TEMP. 
POWER FACTOR (%) 


LOAD TEMP — 80 DEG C 


(00 VOLTS/MIL TEST VOLTAGE — 110 V/ MIL 


#93 - 
LOAD TEMP- 
80 DEGC 
TEST VOLTAGE- 
130 VOLTS/ MIL 


LOAD: TEMP -80 DEG C 
TEST VOLTAGE ~—120 V/ MIL 


120 VOLTS/MIL 130 VOLTS/MIL 
100 VOLTS/ MIL 


— 


100 200 10 2030 50 100 
DAYS ON pat CYCLE ENDURANCE 


circular-mil unshielded compact sector 
conductors, 0.200-inch insulation, and 
single lead sheath. 

As would be expected, there was very 
pronounced drainage of this thin oil from 
the cable structure before leading, the 
outer surface having a dry appearance, 
with only that oil held in the denser 
parts of the cable cross section by 
capillary attraction being present. The 
extreme drainage and relatively large 
size of voids was verified by the initial 


power factor measurements at ten pounds — 


per square inch, the initial ionization 
starting voltage stress being only 48 
volts per mil, which is much below aver- 
age standard results as given in Figure 3. 
- Figure 4 shows that during the first 
ten days of the first endurance step at 
85 volts per mil there was pronounced 


‘ LOAD TEMP.- 80°C 
TEST VOLTAGE-85 VOLTS/MIL(I7 KV.) 


nee ae 
Ohne hd 


80°C POWER FACTOR (%) 
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Figure 5. Load-cycle endurance at ten- 
pounds-per-square-inch nitrogen gas pressure 


Three-conductor gas-filled cable of standard 
construction, with exception that impregnating 


‘compound was a: heavy hydrogenated oil 


having a Saybolt viscosity of 1,000 at 100 de- 
grees centigrade, insulation thickness 0.200 
inch 


Shanklin—Cable Research and Experience 


alee, 
I 


HHH 
5 ee 
aes a hig 


It was so 
marked that early failure of the cable 
length was expected. From this time on, ~ 
however, the cable gradually improved. 
At the end of 125 days ionization had 
disappeared, due to closing up of the criti- 


ionization and instability. 


cal voids. When stability was assured 
after 189 days the life-test voltage was 
increased to 100 volts per mil. Ioniza-_ 
tion and instability were much less 
marked and disappeared after 95 days, 
the next voltage step being started after 
103 days. These voltage steps were con- 
tinued with the same results until final — 
failure occurred after 48 days at 130 
volts per mil. 

The important point to note is that this 
cable showed even more self-healing abil- 
ity than. standard cable impregnated — 
with heavier oil. Its endurance with 
final failure at 130 volts per mil, was also 


~ as good as the best results obtained with, 
. standard cable on these long time tests. 


Dissection of the cable after test 
showed no evidence of the original thin 
oil. The paper tapes were quite dry and 
the butt spaces were completely filled 
with a gummy oil residue, representing 
that stage of polymerization before final 
X wax is formed. This residue was less 
gummy and more nearly resembled X 
wax as the conductor was approached. 
The strand spaces at the unshielded 
conductor were completely filled with a — 
residue that was practically in the form 
of final X wax. The evidence was quite 
plain that most of the thin oil left in the 
paper tapes had been drawn into the low- 
specific-inductive-capacity voids by elec- 
tric-field forces and had also been drawn 
towards the conductor, the paper tapes 
in the inner zone being less dry than 
those in the outer zone. 


CaBLeE IMPREGNATED WITH EXTRA- 
Heavy CoMPOUND 


Just the opposite results were obtained 
with a duplicate length of cable impreg- 
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nated with a very heavy hydrogenated 
oil having a Saybolt viscosity of 1,000 at 
100 degrees centigrade. The load-cycle 
test on this cable is charted in Figure 5. 

Initial ionization voltage after drainage 
and leading was 75 volts per mil at ten 
pounds per square inch, which is a normal 

average value for standard cable and 
shows good initial impregnation and good 
retention of compound during drainage. 

In spite of this good start, however, 

Figure 5 shows imarked instability after 
the first three days of load-cycle testing 
at 85 volts per mil. Dielectric losses and 
ionization discharge increased steadily 
and there were no signs of stability. Test 


-_-was,' accordingly, continued at 85 volts 


per mil for 277 days and since there were 

still no signs of ionization being ex- 
tinguished, and stability reached, the 
_ test was stopped without attempting to 
go to a higher voltage step. 

Dissection of the cable after test 
showed dry X wax deposits in the butt 
spaces throughout the cross section of 
insulation. These deposits became more 


oF pronounced at the inner layers of paper 


and at the unshielded conductor surface, 
_ showing a relationship to the electrical 
stress field, The void spaces were not, 


however, completely filled with this wax. 


“3 Caste IMPREGNATED WITH STANDARD 
CoMPOUND 


Typical load cycle endurance Eharts on 
gas-filled cable impregnated with standard 


number 5317, oil, having a Saybolt 


viscosity of 100 at 100 degrees centigrade 
were included in the two previous 
_ papers!’? and will not be repeated here. 

Initial ionization voltage of standard 


a cable is given in Figure 3. On long-time 


- load-cycle endurance, ionization has al- 


iS 


252 DAYS AT 85 V/M 


AV. VOLTS PER MIL. 


IN STARTING VOLTAGE 


TONIZATIO 
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oo felHYDROGENATED OIL-SAYBOLT VISCOSITY 1000 AT 10 


277 DAYS AT 65 V/M : 
| Ye 


103 DAYS-100 V/M [SS DAYS 
110 V/M 


way 
4 


ways been extinguished at each voltage — 
step until the last, and final failure has 
occurred at an average of 120 volts per 


mil, ten pounds per square inch, 
Dissection of the cable after failure has 


always shown wax or residue in the butt © 


and strand spaces, with the paper tapes 
drier than initially, but not entirely so. 
The formation of wax has occurred just 
as frequently in the outer zone as in the 
inner. In this respect, there has not ap- 
peared to be any noticeable relationship 
with the electric-stress field. — 


Ionization Voltage on Endurance 
Test ! 


At intervals of three or four days dur- 
ing the load-cycle endurance runs, just 
described, power-factor curves were meas- 
ured over a sufficient voltage range to 
determine ionization starting voltage at 
that particular stage of the test. The 


results with the three different types of © 


impregnating compound already de- 
scribed are charted in Figure 6. These 
three charts are of particular interest, 
since they give a direct measurement of 


critical void size at each stage of the 


load-cycle test from start to finish, and 
clearly bring out the automatic-grading 
and self-healing effects in mass-im- 
pregnated gas-filled cable as a function of 
compound viscosity. 


Figure 6. Load-cycle endurance test on 
 three-conductor cable at ten-pounds-per- 


square-inch nitrogen gas pressure, 350,000- — 
circular-mil compact-sector conductors, no 
strand shielding, 0.200-inch insulation, show- | 


ing ionization voltage increase due to auto- 


matic grading and self-healing action with - 
impregnating ‘compounds of three different 


viscosities 


00°C (SEE FIG.5) 
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PER CENT IONIZATION 


‘durance runs with very thin and 


‘initial impregnation was obtained with 


Charts a and c 


jectionably before leading and i 


_ voltage is too low, being only 48 volts pe 
. mil at ten pounds per square inch, wel 


VOLTAGE. INCREASE: 


30 40 50 100 200 300 500 
SAYBOLT VISCOSITY AT 100 DEG C 


Figure 7. Showing relationship between 
cosity of impregnating compound in gas- 
cable and automatic grading and self-he, , 
action during load-cycle overvoltage test s 
as charted i in Figure 6 ; 
in Figure 6 correspond to Figures 4 and 5, 
relating, respectively, to load-cycle 


heavy impregnating compounds. C 
b in Figure 6 corresponds to Figure | 
the previous paper,? with standard 
ber 5317 impregnating compound of 
intermediate viscosity. ae 
Chart a shows that while. very good 


the high-viscosity hydrogenated oil, this” 
cable was unstable from the start and 
had no self-healing properties at all, 
ionization starting voltage dropping bel« we 
the initial value and never fully recov 
ing. After 277 days at 85 volts per 
there was still a pronounced ioniz: ; 
discharge in this cable. It is possi le 
that compounds of other types and of 
equally high viscosity would give better 
results, but it is our conclusion that | 
pregnating compounds of extra-high vi 
cosity have little if any self -healing prop- 
erties in gas-filled cable hoa) are un- 
desirable. ae A 

Chart 6} in Figure 6 is ie of lgaad F 
ard cable. The cable did not drai 


ionization voltage was normal. 
cable shows stability from the st 
with a steady self- healing action 
extinguishes ionization at each volt 
step until the last. In no case 
ionization voltage drop below: the 
value. On the last voltage step cum 
tive ionization finally predominated 
failure occurred after 16 days at 120 v ts 
per mil. ' 
Chart c in Figure 6 indicates that Ww. 
very thin oil imparts remarkable ‘selig 
healing properties to gas-filled cable 
there is too much drainage of this oil 


from the insulation and initial ionizatiot 


below normal operating stress of 65 volts 
per mil. This caused instability at the 
start of the load-cycle endurance run, bu 
automatic grading and self-healing action 
eventually overcame this and the cable 
settled down to a surprisingly long — 
-durance run, ionization being ie 
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_ end of the endurance run, over the initial: 


Tension Insuvatron, G. B. 


guished at each voltage step until final 
failure at 130 volts per mil. 

Figure 6 plainly shows a relationship 
‘between viscosity of impregnating com- 
pound and the ability of the cable to ex- 
tinguish ionization discharge. This is 
made clearer in Figure 7, where the in- 
crease in final ionization voltage, at the 


' value is given as a function of compound 


; viscosity. 


Summary of Conclusions 


Further laboratory and field studies of 
gas-filled cable confirm that gas-pressure 


control gives very close control of per-- 
formance characteristics. 


Over the usual commercial range of 
conductor sizes and insulation-wall thick- 
nesses, average stress rather than maxi- 
mum stress determines performance of 
mass-impregnated gas-filled cable, and 
it is not necessary to specially strengthen 


_ the inner zone of insulation in the high- 


stress field near the conductor. 


Strand shielding of mass-impregnated 


gas-filled cable has shown no marked 
benefit but since it is in no way objection- 
able it can be used when desired. 


Extra thin paper tape in the high-stress 
field has shown no marked benefit an 


‘mass-impregnated gas-filled cable and 


its added cost and complications do not 


appear justified. 

Extra-high-viscosity impregnating com- 
pound lacks self-healing properties and 
should not be used in gas-filled cable. 

Thin impregnating oil has remarkable 
self-healing properties but drains too 
readily for safe use in gas-filled cable. 

Optimum results are obtained with 
an intermediate impregnating compound 
_ of sufficiently high viscosity to be held 
‘in place by capillary attraction without 
- draining objectionably but, at the same 
time, of sufficiently low viscosity to have 
mobility. Our experience has indicated 
that a Saybolt viscosity in the order of 
100 at 100 degrees centigrade gives the 
best results. 
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A New Wneauietey Relay for Power 


System Applications 


H. J. CARLIN 


ASSOCIATE AIEE 


Typical Applications 


Loss OF TIE-LINE OVERLOADING PLANT 
GENERATION 


1] ae interconnection of large power 
Systems with industrial and defense 
plants having a comparatively small 
generating capacity is not unusual in 
these days. These plants require a con- 
siderable block of power for 24-hour full- 
capacity operation, and this power is 


available by means of the interconnection . 


with the power system. More.than one 
interconnection would assure higher con- 
tinuity of service, but the general prac- 
tice of locating defense plants in rural or 
suburban areas, remote from urban 
power-system networks, often results 
in one transmission-line interconnection 
operating in parallel with plant genera- 
tors. Like all lines, the interconnection 
is subject occasionally to faults with 
resulting temporary loss of power for 
‘the plant. During these emergencies, the 
local generator or generators at the plant 
which normally contribute to the total 
load are suddenly called upon to carry 


all of the plant load. The local genera-. 


tors are not able to supply this load and 
consequently are heavily overloaded. As 
a result, the frequency decreases rapidly, 
However, complete shutdown of the 
plant can be avoided by dropping some 
of the load and retaining within the ca- 


pacity of the local generators the load of © 


the most essential machines and processes. 

Thus, a reliable scheme is required to 
disconnect the load of the less essential 
feeders when the interconnection power is 
lost and the plant generators become 


overloaded. One scheme in general use _ 


is the application of an underfrequency 
relay in conjunction with reverse power 
relays. A typical system of this type is 
illustrated in Figure 1. When the power 
in the tie line decreases to a minimum, or 
reverses, and when the generator is over- 


loaded as indicated by a drop in fre- 
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spawes and -underfrequency relays. 
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MEMBER AIEE 


quency, an auxiliary tripping relay is 
energized to disconnect the less essential 
feeders 1 through 4. Then the local gener- 
ator can supply power to the more im- 
portant feeders 5 and 6. 

At the same time, the auxiliary relay 
also trips the tie breaker with the power 
system to prevent feedback of the local 
power to the power system. In the case 
of a fault on the interconnection line, the - 
tie-breaker protective relays should com-— 
plete the trip circuit ahead of the reverse-_ 
In 
this case, these latter relays operate as 
backup relays for the tie breaker. When — 
power is available again via the inter- 


connection, the two systems may be re- | ; 


synchronized, and the plant Operator — 
can restore the disconnected load in the © 
proper operating sequence.’ ; 
The measure of plant-system. overload — 
in this application is frequency change. — 
The relay should respond to this change 
with a minimum variation in calibration — 


because of . voltage or temperature — 
changes. The relay should be sensitive — 


to frequency changes, operating fast for 
large changes in frequency and slower 

for small changes. Time delay is neces- 
sary to assure that the frequency relays. . 


TIE TO POWER SYSTEM | 


th ! 


REVERSE 
POWER RELAY 
PT, et 
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Figure 1. Single-line diagram of local power 

ath provided with frequency relays for dis- 
connecting load 
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- to operate at 59.5 ‘cycles, 


INTERCONNECTION 
TO ANOTHE 
SYSTEM 
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Figure 2. Single-line diagram of power system 


with frequency relays set for selectivity © 


Underfrequency Relays 
(Normal Frequency—60 Cycles) 
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operate only on sustained frequency 


changes, and not on changes resulting > 


from faults which last only until the fault 
- is cleared. For these reasons, an in- 
-duction-type relay with inverse time 
characteristics is most suitable. 


Loss OF GENERATION ON A Heavity 
LOADED SYSTEM. 


Frequency relays can be used to dis- 
- connect load selectively on an overloaded 
system. A typical system consisting of 
several generating stations supplying 
local as well as remote loads is shown in 


Figure 2. Normally, this system operates | 


at 60 cycles and near full capacity because 
-of large increase in wartime loads. The 
loss of an important generating source or 
tie line or some other emergency system 
disturbance causes a sudden overload 
beyond the capacity of the remaining 
system, and the system frequency begins 
to drop. Underfrequency relays Fl, set 
disconnect 
feeders 4 and 12 at remote points on the 

system after a short ‘time delay. The 
~ loss of this amount of load may be large 
enough to cause the frequency to return 
near 60 cycles. If not, and if the fre- 
quency continues to drop further, then 
frequency relays F2, set for 59 cycles, 
disconnect additional feeders 9 and 14 
at other points on the system after more 
time delay. Again, the loss of this addi- 
tional load may be enough to stabilize 
the frequency, but, if the frequency con- 
tinues to drop, additional relays with 
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lower-frequency settings disconnect more 


load. This process can be continued in a. 


number of steps as dictated by the char- 
acteristics of the particular system and 
may be applied in the manner illustrated 


to drop varying amounts of load at a 


number of different stations. 

Several relays may be set to operate at 
the same frequency value but to discon- 
nect load at different time intervals. 
Thus, if the loss of the first block of load 


does not cause a definite rise in fre- 


quency, additional blocks of load would 
be dropped later, after suitable intervals 


of time. This has an advantage of only 
FREQUENCY 
ADJUSTING ELECTRO MAGNET 
RHEOSTAT // Poncuines 


UPPER POLE 
WINDINGS ~ 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


Figure 3. Schenistioudieetsin’ of frequency 
; relay 


partially disconnecting the load assigned 


‘to be dropped at a particular frequency, 


if the frequency rises between the dis- 
connecting intervals. 
These schemes are not. expected to 
replace dispatching or automatic load 
control, but provide a backup measure 
that can prove particularly valuable in 


holding important loads during an emer- - 
gency. The scheme is applicable par- 


ticularly to smaller systems such as are 
commonly found in rural areas, in large 
industrial plants, or a defense area whose 
overload capacity is limited, and may be 
exceeded by tapredicrd increases in 
load. 


The frequency relays in ae scheme. 


should be sensitive. to changes in fre- 
quency, yet with a considerable range 
available for the selection of the operat- 
ing frequency required in the various 
steps. In addition to the variable fre- 
quency setting, the relays should be 
capable of variable time settings over a 
wide range to permit selective timing of 
the various steps. As the relays may be 


located at different localities and operate 


under different conditions, it is desirable 
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* RELAY OPERATING PRINCIPLES 


voltage change and with respect to am- 


frequency relays use two electrical operat- 


has the conventional rotating disk, time- 


trates the relay operation as either an 


‘is shown lagging the impressed voltage 


lay circuit, as shown in Figure 3, has 


that the frequency rae oe a mina 
temperature and voltage error. 

These applications of frequency re 
discussed are typical and subject to v 
tions and modifications required in 
particular application. Other app 
tions of frequency relays include o 
speed » or overfrequency - pee 


ny he relays 
not always be used only to trip circuit 
breakers, but also to give an alarm or 
warning of impending trouble. iia 


Description of Relay 


/ 


‘The preceding discussion has point do 
out the operating requirements of typical 
systems using frequency relaying. Th e 
translate into several specific relay- = 
formance requirements. The minimum 
trip-frequency variation of the relay 4 
should be small with respect to line- 


bient-temperature variation. The ti es 
and frequency setting of the relay should - 
be easily adjustable over a wide range, 
and the time delay should be an inverse 
function of the frequency departure from 
normal. system frequency. The relay 
described here ‘satisfies these require- 
ments and at the same time is quite simple _ 
in mechanical construction, Existing — 


ing elements with opposing torques. The 
design described in this paper operates” 
on an entirely different principle and 
utilizes only a single operating element. 

In appearance, the relay is very similar. 
to standard-type induction relays. It 


lever scale, damping magnet, and a single 
electromagnet. Figure 3 is a circuit dia 
gram of relay connections, and Figure 4 is 
a simplified vector diagram which illus 


under- or overfrequency device. 

Essentially, the relay operation i is | com-. 
parable to that of a directional element. 
In Figure 4a, the upper-pole current, Ip, 


E. The lower-pole current, J;, also oe 
the impressed voltage, but by an angle 
less than that of Iy. The lower-pole re- 


_as the frequency increases, the lower- pole 


inductance and capacitance in series, and, : 
q 


current becomes more lagging. Because 

inductive as well as capacitive reactance is 

present, the current in this circuitlags at a 
more rapid rate than the upper-pole cur- 
rent. Atsome frequency, the lower baa 
current will lag sufficiently to be in phase! 
with the eas current. Under such 
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circumstances, the upper and lower fluxes 
of the relay are in phase, and there will 
be no torque on the induction disk. If 
the frequency now increases slightly, the 
lower-pole current and flux are rotated 
further in the clockwise direction, so 
that they lag the upper-pole quantities, 
and the induction disk will have a torque 
produced by the quadrature components 
of the upper- and lower-pole fluxes. The 
polarity of the overfrequency relay con- 
‘nections is so chosen that for $, leading 
oy, the relay has opening torque; then, 
when the frequency increases sufficiently 
for d; to lag dy, the torque of the relay 
reverses so that the contacts move in the 
‘closing direction. The larger the fre- 
quency increase beyond the zero-torque 
point, the greater the angular displace- 
ment between upper and lower fluxes, and 
the faster the relay operating time. 


Therefore, relay timing is inverse with — 


respect to frequency changes. 
The design is readily changed to an 


underfrequency circuit-closing relay by 


reversing the winding connection of 
either the upper or lower poles, which 
reverses the disk torques. To maintain 
open contact at normal frequency, the 
circuit constants ‘are adjusted so that 
Iz, lags Iy slightly, as shown by Figure 
4b. As the frequency decreases, I, ad- 
vances, and, when it leads I,, the con- 
tact closes. : 

The minimum trip frequency is deter- 
mined by the point at which J; and Iy 
are in phase; that is, zero torque. By 
changing the angle, with respect to the 

impressed voltage, at which this condi- 
tion occurs, the frequency setting of the 
relay may be set as required. This angle 
is changed by adjusting the rheostat in 
the upper-pole circuit. Thus, in the 
case of the underfrequency relay, Figure 
4b, as the resistance is increased, the 
upper-pole current lags less, so that a 
larger change in phase angle is required 
to swing J, around to lead Iy: This 
corresponds to a lower minimum trip- 


frequency setting of the relay. A wide 


range of adjustment is easily realized by 
this means. Ten cycles is a typical fre- 
quency spread chosen. 


RELAY OPERATING CHARACTERISTICS 


The principles of relay operation al- 
ready described permit the use of a single 
electromagnet and a mechanical con- 
struction whichis easily adapted to the 
use of variable time-delay settings. 


These are obtained by the time-lever 


adjustments which permit variation of 
the moving-contact travel from a maxi- 
mum of 180 degrees of rotation to a very 
small amount. Typical curves of relay 
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occurs. 


operation for various lever and frequency 
settings are shown in Figure 5. These are 
taken for an instantaneous frequency 
drop. The wide range of settings avail- 
able gives wide application limits. 

The type of element described here in- 
herently meets the requirement of mini- 
mum variation in tripping frequency 
with variation in impressed voltage. This 
may be seen if the relay is considered as 
a sensitive directional element operating 
near zero torque. At exactly zero torque, 
change in voltage will have no effect: 
The torque remains zero. Close to zero 
torque, the effect of voltage change on 
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E 


ZY UNDER FREQUENCY 
= 
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fad: 
Figure 4. Vector diagrams showing principles 
of relay operation 


the relay torque is. still negligible, as 
shown in Appendix I. 

The relay is extremely sensitive to 
frequency change. Consider the follow- 
ing equation for relay torque, and rate 
of change of torque 


Pokies sit (6— a) (1) 
dT 
Fen wait cos (@—a) (2) 


where K is a factor of proportionality, and 
6—a is the phase angle between J, and 
Iy. At zero torque, 0Q—a=0. At this 
point the rate of change of relay torque 
with respect to phase angle is a .maxi- 
mum. Since —a is a function of the 
frequency only, the relay will be at maxi- 
mum sensitivity to frequency change. 

The circuit elements of the relay are 
designed to make optimum use of the 
inherent sensitivity to frequency change 
and insensitivity to voltage change. The 
factors which determine the optimum 
design are the phase angle of the upper- 
pole circuit and the inductance and ca- 


pacitance of the lower-pole circuit. The - 


phase angle of the upper-pole circuit 
determines the angle at which zero torque 
The two extremes in design, 
occur for an angle of 0 degrees and an 
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_ TRIPPING TIME IN SECONDS 


16. ESO 
, CHANGE IN FREQUENCY BELOW 
RELAY SETTING (CYCLES/SEC,) 
Figure 5. Typical time curves of 115-volt 
50-60-cycle underfrequency reiay 


angle of 90 degrees. For the first case a 
large amount of external resistance is 
required to swamp out the inductive 
reactance of the relay coil, and hence 
only a small amount of operating ampere | 
turns would be supplied the upper-pole | 
windings. That is, the relay would not 
be a very sensitive directional element, 
so that this type of design is not satis- 
factory. The other extreme is for zero 
torque to occur at 90 degrees lag. Such a 
condition requires a purely reactive cir- 
cuit, and the phase angle of such a cir- 


cuit does not vary with frequency change. _ 


Thus, if any attempt were made to oper- 
ate the relay with a zero-torque angle 
occurring near 90 degrees, the perform- 
ance would be very unsatisfactory, 
since relay torque would respond in 
only small degree to change in frequency. 
It is apparent, therefore, that the phase 
angle of zero torque should be somewhere 
between these two extremes. An angle 
of 55 degrees is in fact the optimum one, 
and the relay is designed to operate near | 
this value. This is more rigorously shown 
in Appendix II. With 55 degrees as the 
optimum zero-torque angle, the relative 
values of upper-pole circuit resistance 
and inductance are determined to be 
Ry=0.707 Xy. ‘ 
The following considerations apply to 
the determination of the lower-pole- 
circuit constants. A circuit is required 
which changes vary rapidly in phase 
angle with respect to change in frequency. 
This is the case when a resistor is used in 
conjunction with reactive impedance 
whose magnitude varies very rapidly 
with frequency change. Such an im- 
pedance may be the series combination 
of inductance and capacitance. The re- 
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Figure 6. Typical voltage-frequency curves 
of 115-volt 50-60-cycle underfrequency relay 


actance of such a combination is the 


and nearly equal. 


difference X,—Xp. Since Xz, and Xo 


are inverse with respect to frequency. 


‘variation, the difference will vary very 
rapidly if both X,; and X¢ are very large 
That is, the induct- 
ance of the lower-pole circuit should be 
as large as possible, and the capacitance 


_ as small as possible consistent with per- 


missible burden and heating require- 
ments. The resistance of this circuit is 
chosen approximately 0.707 times the 
net reactance so that the 55 degrees zero- 


_torque-angle requirement is - satisfied. 


Appendix II presents. a more formal 
derivation of these requirements. 
The variation of minimum trip fre- 


quency with respect to voltage change 


for a relay designed on the basis of the 


_ preceding critetia, is shown in Figure 6. 


For the complete range of settings, the 
frequency error is negligibly small for 
voltage variations from 50 to 140 volts. 
Note however that the errors are greatest 
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Figure 7. Typical temperature-frequency 


curves of 115-volt 50-60 cycle underfre- 


quency relay | 
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at the low-frequency settings. 


the maximum departure from the opti- 
mim circuit requirements Brevacisty 
set forth. 
The last consideration in determining 
the optimum design of the relay-circuit 


elements is the error due to ambient- 
This error can 


temperature variation. 
occur because of the variation of the 
inductive, capacitive, and resistive ele- 
ments of the relay, with temperature. 
Since these variations cannot be elimi- 
nated entirely, the circuits must be de- 
signed so that the various changes tend 
to compensate each other. Variation 
in L of course is very small, and, since 


both upper- and lower-circuit induct- 


ance vary at the same time, any change 
in L merely will cause both current vec- 
tors J;, and Jy to rotate together. Thus 


the phase displacement between the two 
currents is not affected appreciably, and » 


~ negligible errors result. This same prin- 
ciple may be applied to the resistance 
variation of the coil windings. 
with such an arrangement, there is no 
element in the upper coil circuit whose 


variation will compensate for the capaci- — 


tor in the lower circuit. What is done 
therefore is to design the lower-pole 
- winding with as small a coil resistance as 


possible relative to the upper-pole coil 


resistance. The physical construction 
of the electromagnet makes this rela- 
tively simple. The additional resistance 
placed in series in the lower-pole circuit to 
give optimum power factor produces a 


swamping action so that the over-all 


temperature variation of resistance in 
the lower-pole circuit is small. As the 
upper-pole resistance varies with tem- 


perature change (assuming negligible ~ 


change i in lower-pole circuit resistance) the 


vector Jy is swung around slightly. The 


direction is more lagging if the tempera- 
ture decreases and less lagging if the 
temperature increases. C, in Figure 4, 
is a capacitor with a small negative tem- 
perature coefficient. That is, as the tem- 
-perature decreases, C increases and X¢ 
decreases. As the temperature increases, 
Xe increases. Thus J, swings in the 
lagging direction as the temperature de- 


creases and in the leading direction as 


the temperature increases. That is, the 
lower-pole current vector follows the 
upper-pole circuit vector, and hence the 
phase angle between the two changes but 


slightly with temperature variation, so 


that the frequency error due to ambient 
change is small. Typical temperature 
curves for a relay designed as described 
are shown in Figure 7. These indicate 


/ 
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Here the | 
largest value of upper-pole circuit te-— 
sistance is required, and this represents 


_ with respect to voltage near minimum 


However, 


‘of 6—«@ is considered in this discussion, 


Ss I ae 


that the temperature error has beer 


nated toalargeextent. =~ 


CONCLUSIONS | 


This paper describes a new frequenc 
relay with inverse time delay which 
at an assigned frequency with negli 
small voltage and temperature err 
The time delay of the relay, as we 
the minimum trip frequency may 
independently adjusted within a 
band. These design characteristics 
the relay very suitable for power-syst 
applications in which frequency is used a 
the discriminating quantity. 


_ Appendix | 


The following derivation indicates t 
order of magnitude of relay torque variati 


frequency. : j 
List of Symbols _ 


E=voltage impressed on relay 
Rz, Lz, C,=resistance, inductance, capaci: 
‘tance of relay lower-pole circuit 
Ry, Ly=resistance, inductance of relay 
rapper ear circuit 


ge a : 

; wC, . d + 

Xy=upper-pole circuit reactance=wLy 

Zz =lower-pole circuit impedance=Rz+ 

2 i “ie 

il es oH > 

Zu= upper-pole circuit 
joLy 

I, =lower-pole current 

Iy=upper-pole current 

@=phase angle by which J; lags E 

a=phase angle by which Iy lags E 

@=27rF 

F=minimum trip frequency 

T =relay torque 

K=constant of proportionality 


impedance =Ryt 


Assuming negligible shift between rela: 
fluxes and respective currents, the equati 
of the induction disk torque is as follows: 


T=KlIyIz sin (0— @) (3) 


where 8—«a is the angle between Ty and i; be 
Note that for @>a, T is positive; #<a, T 
reverses. However, only the absolute value 


that it is equally valid for mide or over- 
eas telays. 


— 


| 


Lie oe 

6=tan—! —=tan-! — é. 
L L “a 
: 
e=tan-!— ata ele (5) 

Ry Rg 
per pa 
© 
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2 -= - _ 
Zy VRy+u*Ly? 


The variation of torque with respect to 
oltage is given by 


(7) 


* 


Sad oe sin (@—a) 8 

BE dE| ZyZz, ‘ 8) 
Be PEK to.) 

B77 $m a 

LT  2KIoIy, sin (@— a) Pad 9 , 
E Bes 0" eet ° 


At minimum trip, the torque is only that 
mount required to overcome relay spring 
snsion. Thus the numerator of equation 9 
, small and the denominator large, so that 
ne variation of torque mish respect to volt- 
geis small. 


Appendix Il 


The following derivations indicate opti- 
tum design Poe ests for the relay cir- 
Hit elements: 

The relay sensitivity is measured by the 
lagnitude of torque variation with respect 
>@. This should be as large as possible. 

If we refer to equation 3 


[oF diy wt dy, a 
oF "Oly, Ow oly Ow 


2(@—a) 
O(6— a) Ow 
(10) 


or equations 4, 5, 6, z, 0(0—a) /dw, 
[y/dw and dI;/dw are evaluated. From 
quation 3,07 /ol,, pie y, and oT /0(@—a) 
re determined. : 

‘ollecting terms 


ae cos (@—a)X 
2) 4 ~ 


Ral L Lett) _ Roly | _ 
~ a raed 


KI;zIg sin (@— a) X 
| Xz\ £,+—— | 
f a Xoly | ay 
Zi Zy’ 
At minimum trip 0—«@ is small, so that 
le second term of equation 11 may be 


eglected. Hence if we set cos (@—a)=1. 0, 
ad note that at minimum trip. 


es 
05 0 = « cos ee 


Zu Z, 
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(12) 


we have 


1 
a KILI a} mat Cy Ly (13) 
Qn: 2 hd ah Na 
ee ie aa YUE, 


OT /Ow, and hence the frequency sensitivity 
can be made large by choosing Ly, large, 


C; small, and Zz small.. That is, the induc- 


tive reactance wL,, and the capacitive re- 
actance 1/wC;, must both be large, but 


the resultant reactance X,=wLl,—1/wCyz- 


should be small. This will mean that 
GG ibe 

F<] end 

Zu tor Cres 


The optimum value of Ry is determined by 
differentiating OT /Ow, the measure of relay 
sensitivity, and setting the derivative equal 
to zero. This determines maximum sensi- 


(14) 


' tivity with respect to Rz. 


If we substitute equations 6 and 12 in 
equation 13 


oT KETyRS thi) AKETS RELY 
Seda her sek Zale za 
oT 1 
OwdR KBIe( La} -) e 
| it pipers? F 
(Ry?+Xz2)'/? (Rr2+Xz2)'/2 
cate OY ge = 
Ly Re as (Ry?+Xz3)? : 


Doce) 


R= 
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But from equation 14 


wCy 


, 


mhereiorS, the second radical of equation 
15 is approximately equal to 1, and we have’ 


Cos 0= cos a= \; 
: 3 


(16) | 


6=a~54.7° 
. Therefore, tan @=1.414 
or 2 : 
aaa 1 
V/2R, =X, =0L,-—— (17) 
wCz 


To indicate the accuracy of this approxi- 
mation, suppose | 


which means that 


; ; : 
dhe ie 

( ote) ZL 

is only a nominal amount larger than L y/Zy. 

Even under these circumstances, the value 

of 6 calculated from equation 15 is 56.7 de- 

grees, which indicates that the approximated 


value of 54.7 destece is very close for design 
purposes. 
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Modern “Mitive Power for the 


Sorocabana Railway 


R. L. CHAPMAN 


~ MEMBER AIEE 


HE Sorocabana Railway in inaugurat- 

ing electric traction on its extensive 
meter-gauge system has selected the 87- 
mile-long double-track section between 
Sao Paulo and Santo Antonio in the State 
of Sao Paulo, Brazil, for the initial elec- 
trification. Twenty locomotives are 
being furnished to handle passenger, 
freight, and mixed trains with scheduled 


_. speeds of 35 miles per hour for passenger, 


and 30 miles per hour for freight and 
mixed trains over a mountainous terrain 


p72 7” OVER HANDRAILS 


ee win) 


eotox “OVER CAB 
(2752 MM). 


12-6 2" (3815 MM) OVER CAB 
13-72 "(4151 MM) TROLLEY LOCKED DOWN 


O. K.. KJOLSETH 


NONMEMBER AIEE ° 


Company. In addition to the mechani- 
cal portions which are identical, much 
of the equipment as furnished by the two 
companies is either identical or physically 
and electrically interchangeable. Panto- 
graphs, traction-motor blowers, watt- 
hour meters, and high-speed JR circuit 
breakers are identical with all panto- 
graphs manufactured by the Westing- 
house Company and all breakers manu- 
factured by the General Electric Com- 
pany. Traction motors and motor 
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Figure 1. General outline of Sorocabana Railway locomotive 3 


maximum carbon content 0.25 
The guiding trucks are equi 
dae journals and tolled- steel 


boxes. A nae S miele botst 


over ‘ts outer rer: bose } 
is provided with a variable gr Me 
restraint device of relatively high init 
restraint to steady the locomotive a 
minimize lateral oscillations when i 
running on tangent track and to 
guiding of drivers negotiating 
turnouts and curves (Figures 6 anc 
An extension of each guiding-truck 1 
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*nvolving maximum grades of two per 
cent, and prevailing minimum radius 
curves of approximately 800 feet. 

These locomotives are the largest and 
most powerful 3,000-volt d-c meter-gauge 
units built to date and are among the 
outstanding examples of design and con- 
struction embodying all welded fabrica- 


tion of mechanical parts and assemblies ~ 


for main-line passenger and freight loco- 
motives. Ten are being furnished by the 
General Electric Company and ten by the 
Westinghouse Electric and Manufactur- 


ing Company, with the mechanical por- . 


tion of all 20 built by the General Electric 


ne en nS ee 
Paper 44-92, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
summer technical meeting, St. Louis, Mo., June 
26-30, 1944. Manuscript submitted April 21 
1944; made available for printing May 4, 1944. 


R. L. Caapman and O. K. Kyorsern are both with 
the locomotive engineering division of General 
Electric Company, Erie, Pa. 
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generator blower sets are interchangeable. 
General characteristics of the locomotives 
are given in Table I. General dimensions 


are shown by Figure 1, and general ap- | 


pearance by Figure 2. 


Running Gear 

The running gear consists of two three- 
axle driving trucks (Figure 3) and two 
single-axle radius-bar guiding trucks 


(Figure 4). The driving-truck frames 


are articulated at their inner end by a 
ball joint arranged to permit angular 


movement in both vertical and horizontal 


planes. The outer ends extend over the 


guiding trucks and carry draft gear, 


coupler, and pilot. The frames are 
fabricated of steel plates and structural 
shapes throughout with all parts torch- 
cut to size requiring little or no machin- 
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1 


_ the axles, is carried on a system of semi- 


-and plates. 


frame serves as a radius arr connecti 
it to the main truck frame. These - 
frames are also fabricated from torch-cut 
steel plates and structural shapes read ly 
adapted to welding. The weight of 
locomotive, with the exception of wheels, 
axles, journal boxes, and that part of 
the motors which is carried directly on 
elliptic and coil springs equalized to = 
vide the: desired loading on all wheel 
(Figure 8). 


Cab Underframe 


. The cab underframe or platform is con 
structed of commercial steel shapes, bar: 
The structure is about 5 
feet long by 9 feet wide. The center sills 
which are the main load-carrying mem- 
bers of the frame, consist of two 18-inc 
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4 
— A 


by 12-inch H. beams reinforced, with top 


and bottom plates of one-half itich thick- 


ness, forming a central duct serving as a 
pressure chamber into which air is dis- 
charged from two motor-operated blow- 
ers. From this chamber ventilating air is 
distributed to traction motors, accelerat- 
ing resistors, and other electric apparatus. 
Side and end sills are made of eight-inch 
standard steel channels. 
porting center plates, side bearings, and 
lifting lugs are rigidly tied into center- 
and side-sill members. The 18-inch 
‘sill members extend well beyond: ‘the bol- 
sters and are joined with eight-inch H 
beams (Figure 9) extending to ends of 
frame. 


Cab 


The cab is of semistreamlined design 
and is carried on two center plates lo- 
cated one on each of the two driving 
trucks. One of the center plates is ar- 
ranged for sliding motion in the lower 
or truck socket to compensate for varia- 
tions in truck center-plate distance when 
‘operating on curved track. Additional 
supports are provided through four 
spring-cushioned loading pads slideably 
supported, one on each side of each driv- 
ing truck. The loading- pad springs are 
calibrated to give the desired load dis- 
tribution on all driving and guiding 
wheels. 


The cab consists meaty of exterior . 


sheets 0.180-inch thick welded to a four- 
inch steel channel frame erected on the 
‘eab underframe. Louvres are provided 
in the side sheets of the central portion of 
the cab for ingress of air to the motor- 
blower sets. Large hatch openings are 
provided in the roof to facilitate installa- 
tion and removal of apparatus and are 
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‘Bolsters sup-. 


Figure 2. Three-quarter view 
_ of Sorocabana Railway loco- | 
motive 


Figure 3 (left). As- 

sembly of driving 

and guiding trucks 
complete 


Figure 4 (below). 
Guiding truck 


Figure (right) 
Driving-truck frame 


aiseel by means ie patted: down hatch 
covers. 


A epatatad Compartment 


The apparatus compartment is built 
as a separate unit to facilitate easy instal- 
lation of control apparatus and wiring. 


Table I. Characteristics of General Electric 
Locomotives for Sorocabana Railway 


Classification 1—C+C—1—238/ 

286—6 GE 734A .......... 3,000 volts } wv 
Length over-all, inside of 

coupler knuckles............ 61 feet, 0 inches 
Widthiover-Hlis .tn5 bynes shes 9 feet, 77/s inches 


down:.................-....18 feet, 77/16 inches 
WMrack, wanse. 66 wwrterscusas cay sien 1 meter : 
Potaliwheelibases 2). 50's ca ssi6 50 feet, 0 inches 
Rigid wheel base.............. 13 feet, 0 inches 
Diameter driving wheels....... 44 inches 
Diameter guiding wheels....... 33 inches 
Total weight in running order. . .286,000 pounds 


Weight on drivers....,........ 238,000 pounds 
Weight per driving axle........ 39,666 pounds 
Weight on guiding axles........ 48,000 pounds * 
Weight per guiding axle........ 24,000 pounds 


Number of motors. ........... 6 
Gear CatiO rss AP owe eG eee Oe 75/17 
Continuous rating (horse- 
POWER Sayan Meee FP hice, ote 1,910 
One-hour rating (horsepower)... 2,195 
“Continuous tractive effort 
pounds has cede sie aha 24,475 
One hour tractive effort 
(OGUINGS) ee are) omae ««s. 29,500 
Speed, ‘continuous rating 
(miles per hour)............ 29.3 
Speed, one-hour rating (miles 
PCE NGUL) so std «eq arate ee Xo) 
Maximum safe speed (miles 
pec houk)... 252, oeecs + 01 nent 56 
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After the installation of apparatus and 
and wiring is complete, the compartment 
is lowered through the hatch opening in 
the cab and is welded securely to the 
underframe and roof structure. 


Construction Details 
The locomotive design incorporates. 
throughout the use of fabricated sub- 


Figure 6. Guiding-truck bolster, center-plate 
extension, and parts of lateral-restraint device 


Figure 7. Guiding-truck frame 
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Figure 8. Spring and equaiization system 


assemblies which are easily handled for 


operations on the individual parts before 
being welded together for the complete 
assembly. All cross-tie plates fitting 
between side frames are machined to 
length with ends squared and are welded 
into subassemblies to facilitate the 


is Figure 9. Cab underframe 


easy setting up and squaring of the main 
truck frames. Each side frame, the 
articulation or inner end frame, the main- 
frame extension and other similar groups 
of parts are likewise fabricated to form 
finished subassemblies before final as- 


sembly together. The boring of the 


recess for the cab center plate in the 


middle cross tie and also the boring of the 
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estes fo -eenp be 


COMPRESSOR GOVERNOR 
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CIRCUIT 


LIGHTNING © 
ARRESTOR 


inner end frames for the articulation are 


performed in the subassembly stage. 
After the truck frame is otherwise 
assembled and welded, pedestal shoes, 
forming guides for journal boxes, are set 
to position in a special fixture. Shoes 
are accurately trammed to position for 
squareness and distance, laterally as well 


-as longitudinally, to the frame center 
I \ : 1% ; 


Nae 4 


Figure 11. Apparatus-compartment unit 


line extending through articulation, cab 
center plate, guiding-truck radius-bar 


fulcrum and center plate, draft gear 
After accurate adjust-— 


and coupler. 
ments are accomplished the shoes are 
welded rigidly to the pedestal brackets. 


The cab sides, together with the cab 


frame, the hatches, cabinets, and com- 


partments, likewise are’ first fabricated © 


Figure 10. General arrangement of apparatus in cab 
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by compressed air and the train braki 


through a single brake shoe on ea 


TRACTION MOTOR BLOWER 
WAT THOUR METER 


CONTACTORS eae cae PARALLEL 


up and assembled with the cab pla r 
which is itself a complete subassemb. y. 


. e 
Air-Brake Equipment _ 


The air-brake equipment is a combin 
tion of vacuum and compressed-air 
tems with the locomotive brakes opera 


operated by vacuum. The locomoti 
brakes may be operated independen 
of the train brakes, or in conjuncti 
with them, in which latter case the trait 
vacuum system acts as a pilot for t 
locomotive air-brake system. Two 12- 
inch-by-12-inch brake cylinders on eac 
truck apply the brakes on that tru 


driving wheel. Interlocking is provid 
to prevent simultaneous operation of 
brakes and regenerative braking to a’ 
4920 q 
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CONTROLLER 
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Gee) en 
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' maintenance. 
apparatus compartment complete with 
all equipment being lowered into place 


_ Figure 12. ' Traction-motor, wheel, and axle 


unit 


/ 


the oeibity of wheel sliding during 
Pea pcrative braking. 


Location of Apparatus 


The space between the operator’s cabs 
is divided into three sections. 
paratus compartment, completely en- 
closed but with access doors and with 
removable covers along the aisles on each 
side, is in the center, while auxiliary ap- 


_ paratus such as motor generator blower 
_ sets, compressors, exhausters, and air- 


brake control devices are located at each 


‘end, The operator’s cabs at each end of 


the locomotive are separated from the 


apparatus compartment by bulkheads — 
__ with a door opening onto an aisle on each 


side of the locomotive (Figure 10). All 


apparatus is arranged to provide maxi- 


mum accessibility for inspection and 
‘Figure 11 shows the 


in the main cab through the hatch open- 


ing in the roof. 
‘ > 


Electric Apparatus 


Two spring-raised air-lowered panto- 


graphs are provided, either of which has © _ 


adequate capacity for collecting total 
locomotive current from the 3,000-volt 
overhead line. The pantographs are 
equipped with antifriction bearings, and 
each has two separate contact shoes, in- 
dependently hinged, to provide greater 
flexibility in maintaining contact with 
the overhead contact wire. A small res- 
ervoir which can be charged from the 
control air system is provided for main- 
tenance of air pressure for unlatching the 
pantograph when both pantographs are 


down and no other air pressure is avail- 


able on the locomotive. A small hand- 
operated air pump is also provided for this 
purpose. The two pantographs are con- 
nected together through a cable mounted 
on insulators on the roof and to the main 


power circuits through the protective 


~ ACCELERATING — 


The ap- / 


KILOGRAMS- TRACTIVE EFFORT 
ral 


friction bearings. 
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Figure 13. Circuits for motoring 
connections 


Figure 14. Locomotive speed- 
tractive-effort curves 
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Regenerative-braking 
circuits 


Figure 15. 


devices mounted in the apparatus com- 
partment i in the main cab. ; 
The traction motors are wound and 


insulated for operation two in series on 
3,000 volts and are of the commutating- 


pole force-ventilated type with anti- 
Figure 12 shows a 
traction motor in place and suspended on 


- Chapman, Kjolseth—Sorocabana Railway 


the axle with gear case in place. 
“suspension bearings are waste-packed, 


ARROWS SHOW DIRECTION 


~~ BALANCING 
R66 JREB RESISTORS 


Axle- 


oil-lubricated. The drive consists of 
single-reduction gearing with a pinion on 
the motor shaft engaging a solid gear on 
the axle, both being enclosed in a gear 


case which also serves as a reservoir for 


the gearing lubricant. 

The motor circuits are arranged for 
three combinations of motors: six in 
series, three in series with two such groups 
in parallel, and two in series with three 
such groups in parallel. 


field running steps are provided for each 


motor combination, thus making a total 
of nine running steps in motoring (Fig- _ 


ures 13 and 14). Regenerative braking 

is provided for each of the three combi- 

nations of motors (Figures 15 and 16). 
The auxiliary equipment duplicates 


; Accelerating — 
steps and one full-field and two reduced- 


that previously used on locomotives for 


the Paulista Railway, and consists of 
two 3,000/65-volt motor generator blower 


sets, two 65-volt exhausters, and one 65- — 


volt compressor. 


Each motor generator blower set con- _ 
sists of a single-commutator series- _ 


wound commutating-pole 3,000-volt mo- 


SERIES- 


PARALLEL (1) (G) 


i VOLTAGE 


tor, direct-connected to a 65-volt genera- 


VOLTAGE 


tor with a blower rotor overhung on an — 


extended shaft from the motor end of the 
set. The generators of the two sets 
furnish power for the operation of con- 
trol, lights, compressor, and exhausters, 
with one of the sets serving as an exciter 


TRANSACTIONS 561 


\ 


nae nee 
Dane 


A 


7 


a 


IRON 


a 
aN 


AN 
NS 


AIS 


SPEED — KILOMETERS .PER HOUR 


\\ 


\\ 


bi 
Brine 


fe} a ° 
fe} Oo [e) 
Co} oO wo 


TTA. Ory .0ul 


BRAKING EFFORT — Dig aeae e PER LOCOMOTIVE 


for traction-motor fields during regenera- 


tion. The blowers furnish ventilating air 


‘ for all force-ventilated electric apparatus. 


The exhauster control is so arranged 


_ that normally only one is in operation and 


- at a reduced speed, while both operate 


_ intermittently at full speed to assist in 


quickly. creating the necessary vacuum to 
effect the release of train brakes. 


am) ( \ 


Banta Equipment _ 


_ | The high-voltage control equipment is 


located in the apparatus compartment 


in the center of the locomotive and 


includes the accelerating resistors, braking 


resistors, main-circuit contactors, series- 


paralleling switch, reverser, JR circuit 
breaker, and other protective apparatus, 
switches, and fuses. 

The low-voltage equipment is iene 
in the two operating cabs and includes the 
master controllers, voltage regulator, 
pantograph magnet valves, control-cir- 


- cuit switches, and fuses and instruments. 
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Cast iron grids are used for the high- _ 


current sections of the accelerating re- 
sistors while those in the lower-current 
sections and in the braking circuits are 


- 


Figure 16 (left). 
Speed-braking-effort 
curves 


Light lines marked | 
AA and AF are con- 
stant armature- and 
field-ampere curves, 
respectively 


Figure 17(right). JR 


circuit breaker 


formed of edge-wound strips of resistance 
alloy. All are insulated from their sup- 
porting frameworks which are mounted 
on porcelain insulators, thus providing 
double insulation to ground throughout. 
The high-speed JR circuit breaker 
(Figure 17) protects the main circuits 
- from short circuits and from overload 
through the medium of overload relays 


in the traction-motor circuits and also 


protects the equipment against over- 
voltage during regeneration through the 
medium of an overvoltage relay. 

Manually operated starting switches 
are provided for operation of the two 
motor generator sets, and a selector 
switch is provided for alternative selec- 
tion of the continuously operated ex- 
hauster. An automatic relay transfers 
the auxiliaries normally operating on the 
exciter motor generator set to the aux- 
iliary motor generator set during. Ppa 
eration. 

The main circuit contactors, series- 
paralleling switch, reverser, and braking 
switch are electropneumatically operated 
by low-voltage control circuits energized 


in proper sequence from the master con- 


troller. 


Chapman, Kjolseth—Sorocabana Railway 


; with ¢ a main’ hanale mid: saan at 
ing and full-field running steps in mo 


combinations for regenerative braking, 


braking handle governing both regenera- ~ 


tion and shunt-field steps in motoring, 


ta 


and a reverser handle for selecting direc- — 
tion of motion of the locomotive. 


handles are interlocked mechanically to 
prevent improper operation and are con- 
veniently located and i in ren reach of the 
operator. * } ' 
The instrument ran is mounted 


beneath the front window, directly in - 
front of the engineer, and contains a 


line voltmeter, traction-motor field am-_ 


meter, traction-motor line ammeter, loco- — 


motive speed indicator, vacuum-brake 
gauge, and an air-brake gauge, illuminated 
indirectly from the rear of the panel. — 


The air- and vacuum-brake valves are — 


the master controller on the left. Bell- — 


ringer and sander valves, control push 


buttons and valve for the pneuphonic 
horn are all mounted so as to require a 
minimum of movement on the part of the 
engineer. 
during motoring and of power returned — 
to the line when 1 regenerating is obtained 
by means of a duplex watt- hour meter. 
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Voltage Transients in Arc-Furnace 


Circuits. 


AIEE SUBCOMMITTEE ON TRANSIENT VOLTAGES IN 
ARC-FURNACE CIRCUITS 


HE subcommittee on transient volt- 

ages in arc-furnace circuits was estab- 
lished about four years ago to investigate 
the magnitude, cause, and control of tran- 
sient voltages occurringat the primary and 
_ secondary terminals of arc-furnace trans- 
formers. The subcommittee has spon- 
sored a number of field investigations 
during the past four years with the co- 
operation of steel companies, manufac- 
turers of furnace equipment, and electric- 
equipment manufacturing companies. 
Only a part of the data obtained has 
been made generally available through 
publication (see a paper by Z. R. White- 
house and C. C. Levy, “‘Surge-Voltage 


Tests. on Electric Steel Arc Furnaces,” . 


: presented at a joint meeting of AIEE 
and Association of Iron and Steel Engi- 


neers in Canton, May 1941, and also: 


published references 1, 2, and 6). A data 
group of the subcommittee (L. W. Clark, 
chairman; §S. B. Griscom, and E. R. 
Whitehead) was instructed to assemble 
all of the data available from the several 
field investigations, correlate the data as 
completely as possible to make them avail- 
able for further study by the swbcommit- 
tee, and prepare general conclusions re- 
garding the magnitude of voltage tran- 
sients found during the investigations. 
This paper summarizes the work of the 
data group and the preliminary findings 
of the subcommittee. It should be em- 
phasized that this paper forms only a 
preliminary report of the work to date 
and is presented only so that the field 
data may be available for further study 
and analysis. The work of the subcom- 
mittee is continuing, not only in the col- 
lection and analysis of field data but also 


in experimental laboratory investigations 


and analytical analyses. It is expected 
that more definite recommendations re- 


garding operating practices and possible 


Paper 44-99, recommended by the AIEE committee 
on electrochemistry and electrometallurgy for pres 
entation at the AIEE summer technical meeting 
St. Louis, Mo., June 26-30; 1944. Manuscript sub- 
titted April 29, 1944; made available for printing 
May 8, 1944. 


Personnel of subcommittee on transient voltages 
in arc-furnace circuits: J. E. Hobson, chairman; 
E. R. Whitehead, secretary; S. Arnold, E. W, 
Boehne, F. W. Brooke, L. W. Clark, L. E. Ferri. 
L. Fountain, C. M. Foust, S. B. Griscom, J. B. 
Hodtum, W. B. Kouwenhoven, C. C. Levy, W. E. 
Moore, J. O. Shimmin, N. R. Stansel, past chair- 
man; F. J. Vogel, H. H. Wagner. 
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protection schemes will be made after 


further study. 


Installation Data 


Table I lists the essential information 
concerning the 15 furnaces tested at 12 
different locations, with references to the 
key-system diagram in Figure 1. The 
rated temperature rise as well as the kilo- 
volt-ampere rating of the furnace trans- 
former has been listed in order that the 
true thermal rating of the transformer be 
known. All of the installations except 
two were 55-degree-rise transformers. 
The two transformers rated at 40 degrees 
and 45 degrees rise, respectively, are thus 
proportionately larger than those with 


the same kilovolt-ampere rating at 55 de- 


grees rise. 
' Transformers for the most generally 
used single-phase arc furnaces are in the 
125-volt class, single-voltage operation, 
voltage range 90-125 volts. 

Transformers for three-phase arc fur- 
maces are in the 250-volt class, multiple- 


voltage operation. The maximum volt- — 


ages are within the range 220 to 300 volts. 
Although the maximum voltages of large 
units are seldom below 250 volts, the volt- 


_ages in the upper part of the range given 


are often used for small units. The selec- 
tion of maximum voltage does not follow 
a size classification. 

The grounding practice appears to be 
practically uniform. In all cases except 
one, the transformer tank and furnace 
shell are grounded and the secondary cir- 
cuit is grounded through lamps. The 
data collected on the secondary-bus in- 


_ stallations were incomplete, and only at 


3 out of 12 installations was the actual 
spacing of the bus obtained. 


Table II lists all essential data regard- 


ing the power supply to the furnace 
transformer. Sufficient information has 
been collected on the installations so that 
it should be possible to estimate the ca- 
pacitance to ground of that part of the 
power-supply system directly affecting 
the furnace operation. Several of the 
tests indicate that the characteristics of 
the power-supply system may have a 
considerable effect on the magnitude and 
number of voltage transients experienced. 


Voltage Transients in Arc-Furnace Circuits 


It is desirable to have the power-supply 
data available for further study as to its 
possible effect upon the transients. 

An indication is given as to whether or 
not there have been insulation failures on 
either the line or transformer side of the 
transformer breaker, or on the secondary 
bus. However, there is no definite as- 
surance that voltage transients have 
caused each of these failures. 


Test Data 


Table III giyes most of the test data 
collected at the different installations, 
The recording device in most cases was a 
Lichtenberg figure recorder which records 
both the magnitude and number of tran- 
sients. In one of the tests a cathode-ray 
oscillograph was used, and in another 
test a vacuum-tube counter was used to 
record the number of transients that oc- — 
curred above a certain magnitude. 

Most of the tests were made with the 
recorder on the transformer side of the 
furnace breaker, but in a few cases the re- 
corder was on the line side of the furnace 
breaker. Also, in most cases the recorder 
was connected line to ground, although 
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installation for reference—from Table Il _ 
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Figure 2. Total number of transient voltages 
per 1,000 hours of furnace operation plotted 
against furnace-transformer size 
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Figure 3. Maximum transient voltage (times 
normal voltage) plotted against furnace-trans- 
former size 


_ in a few cases it ‘was connected line to 
= dine. es 
' The transients recorded are segregated 
into groups according to magnitude. 
__ These groups are one to two times normal 
voltage, two to three times normal volt- 
age, and so-on, up to the highest group of 
10 to 11 times normal. In all cases unless 
_ otherwise stated, this is crest voltage line- 
 to-ground. The actual magnitude of nor- 
mal'crest voltage line-to-ground is given at 
_ each installation for convenient reference. 
transient-voltage distribution 
“gives the number of transients per 1,000 
hours operation in each class. For in- 


stance, plant A, test 1, had a total of 574 


A transients per 1,000 hours operation. 


AS) 


The actual teSt covered a period of 
768 hours. There were 30 transients 
between normal and twice normal volt- 


~ 


Table be 


4204 


NUMBER oF TRANSIENTS { 


VOLTS 


PLANT 
A 2,300 
Ga «4,000 
Ga 4,150 
I 13,200 
D 13,800 
H 13,800 
By 23,000 
Ba 23,000 
~ 23,000 
Fa 24,000 
Fa 24,000 
K 24,000 
J 34,500 
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Figure 4. Total number of transients per 1,000 
hours of furnace operation plotted against 
furnace-transformer primary voltage 


4000 


age ~per 1,000 hours operation. _ In 


the top classification there were five 


transients per 1,000 hours operation in 
the 10 to 11 times normal-voltage class. 
It was not possible to segregate the 
transient-voltage distribution for all tests; 
for instance, in test 2 at plant A it is 
known only that there were 77 transients 
between one and four times normal per 
1,000 hours operation. Similarly, at in- 
_ Stallation D (tests 1, 2, and 3) it was not 
possible to give a complete breakdown. 
The tests at installation E were made with 
a vacuum-tube counter, so that the only 
information available is the number of 
transients in excess of 20 kv. For ex- 
ample, in test E—1, there were 33 tran- 
sients per 1,000 hours of operation in ex- 
cess of 20 kv, which is about twice normal 
voltage. ' 
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Figure 5. Maximum transient voltage (in 
times normal) plotted against furnace-trans- ' 
former primary voltage : 


Test E—1 shows the relationship be- 
tween number and magnitude of tran- — 
sients and breaker operations. The re- 
cording device was connected in such a 
way that it recorded transients only at 
the time the transformer breaker was 
closed or opened, and in this particular 
case 30 of 33 transients occurred at the 
time of closing the breaker, and only three — 
occurred at the time of opening the 
breaker. There may have been other 
transients during normal operation of the 
furnace, but the equipment was not con- 
nected in such a way astorecord them. 

Test E—4 gives all of the transients 


but an arcing ground developed in the 
cable feed to the transformer during the — 
test, and it is believed that this caused the — 
abnormal number of transients (1,660 j 
} 
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Table II. 
Refer to Figure 1 for Key Diagram 


Power-System Data 


Transmission Data 


B D 
Plant and Neutral : eruitial. 
Furnace Grounding Over- Under- Over- Under- Over- Under- 
Designation Method head ground head ground head ground A oB Cc Remarks 
Se eae NR Nae Pe a ee ee Oe Oe Die) EEA SS ae ME OT 
Ac ENE pie ce ts Si SERIES, Sosa 40 feet..No . 4,400 feet. .No .No .-No ..No..No..No ..Single circuit 
Bae a. TENORS NS OER SIAC OST OM GPa 6 DEO CO LIED ES MRT CLC SCRE CI 7 eat RPS Re oe aR eS fee ete te Yes..No ..No 
ESD SP CaaS ot Po Pele rare ails che ty Fi are Even ans Mevethe Rehnts, < State 3 aane are altro ake le] oleia/al scoveiscer art sinre-cieystade ain atone Yes..No..No f 
(Oa RA Cee OPER T  oe ine No - 90 feet ..840 feet ..390 feet ..6,200 feet ..3,200 feet ..Yes..Yes..No ..Single circuit—arresters at both ends 
; ' of C 500,000 kva short circuit at B 
NS eet Ungrounded 40 feet. .60 feet . -1,000 feet...No. ..No ..No ..Yes..Yes..No..Single circuit—184,500-kva short cir- 
: ciitatie os | 
3—15 kva, 460-volt capacitors at A 
3—1/« microfarads 13.8-ky capacitors 
Syne type S V 13.8-kv arresters 
: at 
Eaters Ungrounded delta ..No ..No ..No .-705 feet ..No '..2.76 miles..No . .Yes..Yes.. Three parallel circuits in C 
12-kv Westinghouse distribution ar- 
resters at C 
he . ’ _ 198,500-kva short circuit at B 
FD eas x «3 Solid ground . 80 feet,.No . . 1,800 feet. .1,300 feet. .1,125 feet ..1,150 feet ..Yes..No ..No . .Single circuit 
; : ole 850,000-kva short circuit at B- 
Westinghouse type L V 506-volt 
LE Ek BBS TOR LE 5." KIER yd ROG TE RAI SE oe eR OPE TEE aD Ram WA TUDE RIE Smet, SR Be Pee Do ee Arresters at A 
General Electric 24-kv—oxide-film ar- 
; resters at C 
Ga... .. Solid ground 50 feet. .No ..No 1,500 feet.. No S000 feet ci ocss ara nstie coke Single circuit 
100,000-kva short sarante at B 
eRe ER TO mae ics edie Mee ateatce Ries sats hhotashe Mahe eis S gf afAseke ag sihgasisua SVabses dire (parrbalele tate ale’n Gas Capis one Lie colic es ye sien aie, Seen taee antares No arresters 
1B Adin oe Sohmsresistance ..No  ..400 feet ..2,4 miles. -No, ..12.4 miles. .2. 9 miles ..Yes..No..No ..Single circuit 
15-kv line-type arresters at C 
120,000-kva short circuit at B 
De 2.5 ohms resistance. .No ..100 feet ..No ..1,700 feet. .No Se ME oe PRS Ss Sink = Single circuit—no arresters 
4 131,500-kva short circuit at B 
Finate tale Petersen-coil tests 
bn: solid 
PROUMCL LENA certs ale os erence div tiie ous fille: slaved 4 miles ..650feet ..350 feet ..No ..No..No .. Yes. . Oxide film arrester at C 
Underground cable at C bypassed by 
/ ; overhead for test 4 
1 eRe Solid ground ..No ..No 4 miles ..No ..No ..No .-No..No..No..25-kv “‘porous block’’ autovalve arres- 
‘ : ter at C 
| I ee 2 ohms resistance .No ..0.25 mile ..3 miles ..16 miles ..11 miles ..165 feet -No..No ..Ves.. B-2 circuits, 2 cables each 
; ; C-4 circuits, 2 cables each 
26-kv deion tubes on one phase at c ‘ 
550,000-kva short circuit at B ' 
transients per 1,000 hours). There is a transformer side of the primary breaker at duced in varying proportions, depending 


somewhat similar comparison between 
tests E—2 and E—3, except that it 
should be noted that the recording device 
on these tests was on the line side of the 


breaker. During test H—2, there were 11 | 


transients (per 1,000 hours of operation) 

above twice normal during normal opera- 

tion; when the recorder (test E—8) was 
connected to record transients only at 
the time of closing or opening the breaker, 
no transients were recorded. ‘ 

Tests at the J and Hs installations also, 
give some information as to the effect of 
switch openings and closings on the tran- 
sients. 
1,316 transients per 1,000 hours of opera- 
tion, and during the test of 250 hours 
there were 700 switch operations. ‘This 
indicates a total of 2,800 switch opera- 
tions for the 1,000-hour period, and 47 
per cent of the switch operations could 
have caused transients: However, test 
J—2 recorded transients only at the time 
of staged switching operations; and for 
672 staged operations there were 315 
transients which is also 47 per cent of the 
operations. 
tion that most of the transients on the 
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For instance, test J—1 shows” 


This is at least an indica-' 


this installation occurred at the time of a 
switch operation. 

A similar comparison for tests 1 and 2 
at location K shows that under normal op- 
erating conditions there were transients 
for 30 per cent of the switch operations 
and that for the staged switching opera- 
tions there were transients recorded on 
34 per cent of the switcring operations. 
These tests seem very definitely to link 
the number of primary transients re- 
coted ‘to the number of switch opera- 
tions. : 

Under column headed “Test Condi- 
tions,” an indication is given as to 
whether the test was conducted under 
normal operating conditions or under 


some special condition with perhaps some 


remedial measures having been taken or 
some form of corrective equipment added. 
Tests 1 to 8 at location D show the effect 
of various combinations of arresters, 
capacitors, and reactors. For instance, 
with no remedial measures there were 
1,460 transients per 1,000 hours opera- 
tion, and with various combinations of 
corrective measurés both the number of 
transients and their magnitude were re- 
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upon the measures used. Similarly, at 


two tests, J—2 and J—3, Petersen-coil 
grounding was replaced with solid ground- 
ing, showing both a slight reduction in 
the number of transients and a slight re- 
duction in the magnitude of the tran- 
sients.. However, the greatest reduction 
occurred when a 650-foot length of cable 
in the primary feed to the installation was 
replaced with overhead, as shown in test 
J—4. This indicates that the electrical 
characteristics of the circuit have a 
definite effect on the magnitude and num- 
ber of transients. 

There are only two installations at 
which transient measurements were made 


on the secondary circuit of the furnace — 


transformer. These data are summarized 
in Table V. At location F measurements 
were made on two 10,000-kva furnaces 
and at location H on a single-phase 530- 
kva furnace. The number of hours opera- 
tion for the test at location H is unknown, 
so the number of transients could not be 
_reduced to a 1,000-hour operation basis. 

The secondary transients are divided 
into classifications reading directly in kilo- 
volts rather than times normal. It is 


TRANSACTIONS 565 


. 


Maximum _ transient dary Seah and again no tran) 
voltage crest of 60- were recorded. However, test Fi 
cycle one-minute gives the number of transients recor 
test: ' 
. on the second winding of anott 
a 1—Apparatus bush- ve : wat a 8 
re} transformer of practically duplicate ratin 
g ings, small. : 
8 9—Apparatus bush- and fed over practically a duplicate cir- 
1 ings, large cuit. The only difference is that there 
3 3—Air switches and were no secondary arresters in the circuit. oe 
e bus supports This test showed 86 transients per 1 ,000 : 
5S) hours operation with one transient as 
Impulse 1.5x40 full 3 
5 high as eight or ten-kilovolt crest voltage 
Pi wave ; ; ae 
x -to- fi y _—— : rhe 
S PME EGS line-to-ground. Test Fb—5 is another 
ings, smal| test run on the same furnace under similar 
5—Apparatus bush- conditions but with secondary arresters 
Ba ings, large added. This shows 72 transients, but 
UOTE a erie eee ae sce es eee 6—Air switches and the magnitude has been reduced,.and the 
Nis Ss es CR ae SPC lak a a bus supports great majority of transients are in the 
TRANSFORMER PRIMARY VOLTAGE —KV RMS Insulation failures 


thought that there would be little signifi 
carice in classifying them on a times-nor- 
mal basis where the actual secondary 
voltages vary only between 125 and 300 
volts. The first column, for instance, in 
the transient-voltage distribution are 
those transients between 1 and 2 kv, 2 and 
_3 ky, and so forth, on up to the final 
column for the class 12 to 14 kv. Again 
‘tthe number of transients is given per 
_ 1,000 hours of operation. 
Test Fa—3 covers 250 hours operation 


occurred 


Figure 6. Maximum transient voltage appear- 

ing on primary winding of the furnace trans- 

former compared with withstand test voltages 
of insulation for indoor equipment 


- transient recorders connected line to line — 


with the recorder located line to ground 
and with secondary arresters connected 
to the bus. There were no transients 
recorded during this period. Similarly, 
test Fa—6 gives a 720-hour run on the © 
same furnace one year later with secon- 


than the three- to four-kilovolt class, i 


cate arrester operation. Magnetic links ” 


by the arresters. 


one- to two-kilovolt class, none higher 


dicating considerable improvement due 
to the arresters. hes 

About one year later a similar test run 
was made on the same furnace with the 


instead of line to ground, and a vacuum-— 
tube recording device was added to indi- 


were placed in the arrester circuits to give 
a measure of the transient current passed 
The test was conducted 
for 720 hours, and no transients were re- 


i 


Table III. Summary of Test Data on Primary-Voltage Transients 


“*#* Actual number of transients—not per 1,000 hours of operation. 
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Plant and | : ’ ' Total Transient-Voltage Distribution—Number of Transients Per 
Furnace Recorder Test Furnace Normal Normal Tran- 1,000 Hours Operation—Times Normal Line-to-Ground Crest 
Designation Recording Location Opera- Size Line Line-to- sients Voltage 
_and.Test Device 1, (Line-to- ting (Kilovolt- Voltage | Ground Per 1,000 ‘ 
Wumber 2,or3* Ground) (Hours) Amperes) (Rms) Crest Voltage Hours 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-1010-11 — 
A—1..... ih Sates YS esol cs QOSP asin 1,000..... 2,300..... 1G BVO vetesrals 674... 1.30... 305. |... v126;0 248) 230, 210. 5,c ee eae ees : 
A204. te ee BUS RLe 456... 2. 1000 es 2,300..... 1,870 ..... 7<—— 771 —__—> ; wigee 
‘Bal. .... Dg Oats Bpccsteseias TOOO.5 ses 10,000..... 23,000:.... 18700). < hrc 81... Came (O49 “aera bilO) 
Bb—2...:.. f ae IB ses he 1000 Fea. 10,000..... 23,000..... TS; 700, cosa (itelee Lao. 162 1 4 
Cares Me ek eee te Ber sante S420 peo. 12,000, .... 23, 000m ta 1S LOOT eae 420) 2 hells .c y 6d oA 4 
D—1..... Ln coe BY aor P50. dn. Vee oe 13,800.05 wy . 11,200 oo: aoe Ail ,460<—— 1,453 ——-> Oe TN _ : y 
' D—2..... Te arsscees BY ino. AB ice 7,500, .... 13,800..... 11200) ean 417<———417 ——_> “¥ ‘ 
— D—B..... ae Baer acsies OLD ae 7,500..... 13,800..... 1200) 4a nen iW LieSaver a Bg RBar ee 1 
D—4...... 1 i ek ee Be eee S,960F Foes 00018 . o 13,800..... 11,200.c 2. eeho 040... «475. : 4 
D—5..... es aie: Samar Z18ie. #000). 0. 23 1358007 ae DUZ00 Soe, 425% 87, ; ‘ j . 
D—6..... Te” Ske Bia Gat as 15056. .-. 2 7,500). 3.5: 13,800..... 1-200) sees PG well Ba _:. 1 
D—7..... ee og ae SB) cole tiie 1,416..... TRDOO vicrt 5. 13,800..... .41;200 “-euer 2085... 186... 68 wim 4 ’ J ; 
D—8..... Mee Vid Barta 696..... 7,500.5 0. : 13,800..... 11/200 oe. 29274, 236.5 1 56 , . 
é E—1..... Ble Rina Bvwihee 336..... 10,000..... 11,000..... 8,950 <5 2% Chgaas BA atv <————————__ 33__ ... (30 out of 33 were on closing — 
‘ } breaker) ’ 
ee Dee ran Ci. Saaean CoN cud BST ihe TODO rey LPOG00).. sean 8,950) | cere dS aes be 5 eee SS : 
E—3..... WE Sooner CR eer: he 836.0065 10,000..... 11000 hace 8,950 ..... 0 } , a 
: E—4..... Sime nee 3c Bt Osteen 240,.... 10,000.....11,000..... 8,950. anes EGO. 0 sales <—— 1,660 ! bey ' : . 
E—5..... : OSRIRMENA ch Precit cscs ot 10,000, .... 11,000..... 8050 trac sean eee deve wens <———— 1 _ ... (Staged test—automatic trip in single- _ 
F ‘ , a a 4 it) | 
JFa—1..... gees ir ars © BB. ah 2,71 Po. LOFOO0 te. 24,000..... 19;500'" 22a SO00K ATGut S24. > ee 1 oe ear ae | 
Fb—2..... aoc) FBS eats Lone 10;000-\-7-5. 24,000..... 19,500 ..... 478... 465.. 13 ae , 7 
Ga—1s on he tho eas Wihut Be of 84..... F200 =e. 431507. 220. = 5,850**, 5... LOG scans Wf2s ce OD ; j ; 
we Thee oa a BRE im B45 otk 1,200... 4,150..... 3,280) Gwe 705, 079. HbSa. <4) 185 ‘ ae 4 
Gbh—-4..... Pee otis BW: acne 168 ssi 4,000..... 4,000..... 5,640**,..., 209... 143.. 48 .. 18 : 
Gb—5..... le “Seas er sioo 250) 26 4,000..... 4000 F wane 2D0 gens 202; i. LOS.” 124 “a eRad Peeler Ae 
H—1..... eas onic Be eS ee 44..... BaOre ies 13;800)s%.2 5 1120005.) 101,810). 0- 630.1 1520 0°25) 523) tela os 
dt Sao easrece 5 eee OSE «diss 44....,. 5380....413,800....: 19,500**..... 2,412...1,230.. 955 .. 227 . / 
I—1..... | ghee 3 ee 2 cee 4,000..... 13,200..... 105800) wee gest O2S..e Alea. bn | ool : . . 
J—1..... SE cla 1g eae 250). ae 3,000..... 34,500..... 28,000 ..... 1,826... 784., 280 .. 196 .. 56 | 
JS—2...5, dl i SEITE EG 8 fc 3000S aace 34,500..... 28, QO0R Ey mers states 188... 67 .. 47", 13% ' 
J—3..... sleet 30 Li): eR M6. 3,000..... 34,500..... 28, COOK dor mnteetee GO 23, Sy eake ’ “Se 
J—4..... JER Ras Ss Lye Navalance site Mee 3,000 Siow 34,500..... 28 OOO) atic .&. ouibian Vets 25.. gree ; . 4 : 
K—1..... land2....: 1 ae 150) Aer 3,000..... 24,000..... TO SB00! 9 cevsrsse 600... 480.. 100 .. 20 ) | 
K—2.,.... Land 2) .. SE. Y sisys, sisi ere 3,000..... 24,000..... 19,500) 5 See cele wicks 163 A ZO; ee, i feat von 
to years Po pee PER GIID tala din colette 6,000..... 3,800..... 1D U RE ic Aisaionc fon 15.. cde eG Bie eel ee ; ; 
———S Cl sO Ln TL aLL> i i a 
~* 1. Lichtenberg figure. 2. Cathode-ray oscillograph. 3. Wacuum-tube counter. ** Line to line. 
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corded. As far as could be determined, 


there was no change in furnace operation 
from the test of a year previous when a 


Table IV. Summary of Test Conditions 


Plant and Furnace 
Designation and 


Test Number Test Conditions 
A—1..... No remedial measures — 
aa aera High- voltage capacitor at B 
Ba—1..... No remedial measures 
Bb—2..... No remedial measures — 
C..... No remedial measures 
DVD, 6 ost No remedial measures, no ig a 
y tors, no arresters 
} 2 ee High-voltage arresters, no catbacis 
tors, 5.9 per cent reactor 
D—3..... High-voltage arresters, low-volt- 
age capacitors, no reactor 
1) a en High-voltage arresters, low-volt- 
age capacitors, 5.9 per eS re- 
, 3 ‘ actor 
D—5..... High-voltage arresters, Tiga eetes 
age capacitors, 5.9 per cent re- 
a : actor 
D—6..... High-voltage arresters, high-volt- 
: age and low-voltage capacitors, 
5.9 per cent reactors 
D—7..... High-voltage arresters, high-volt- 
: age and low-voltage capacitors, 
no reactor 4 
“‘D—8..... High-voltage arresters, high-volt- 
, age capacitors, no reactor 
B—1. 2. Transients in excess of 20 kv re- 


corded; transients only at time 
of opening or closing breaker 

E—2..... Transients in excess of 20 kv re- 
corded; normal operation all 
transients 

E—8..... Transients in excess of 20 kv re- 

/ corded; transients only at time 

of closing or opening breaker 

B—4..... Transients in excess of 20 kv re- 
corded; transients evidently 
caused by arcing ground in 
cable at C 


large number of transients was experi- 
enced; the only known difference was 
that the recorders were connected line to 
line instead of line to ground. , 

There is nothing brought out by the 
secondary tests on these installations to 
indicate that there is any connection be- 
tween secondary transients and primary- 
breaker operations. This installation had 
four cases of secondary-bus flashovers, 
all of which occurred during the normal 
heat run of the furnace at a time when 
the primary breaker was closed and the 
furnace was in normal operation, indi- 
cating that some of the transients at least 


are not associated with breaker operation. 


Figures 2 through 5 are presented to 
give a visual indication of the possible 


- existence of any uniform pattern or rela- 


tionship among furnace size, primary 
voltage, and the number and magnitude 
of transients. In all cases the data used 
are those of tests made when no remedial 
measures were taken and no corrective 
equipment added. These charts show no 
trends nor any functional relationship 
existing between the previously listed 
variables. This tends to strengthen the 
previously expressed thought that electric- 
system characteristics are a predominant 
factor in the number and magnitude of 
transients. 

Figure 6 shows the magnitude, in kilo- 


TRANSIENT VOLTAGE TIMES NORMAL CREST 


0 
0 20 ay 
PER CENT OF TRANSIENTS 
EXCEEDING ORDINATES 


40 60 80 
"Figure 7. The distribution and magnitude of 
arc-furnace primary-voltage transients compared 
with switching and fault transient voltages 


A and C—Switching transients 
B—Transients from faults 
From reference 4 


lieved that the actual insulation strength 
against furnace transients of this type, 

- although certainly variable, falls some- 
where between these limits. 

At the installations where insulation 
failures were recorded (plants D, L, C, 
and J), the maximum transients all ap- 

@ proach or pierce the lower bound of the 
insulation level shown on the chart. In _ 


E—5.....Transients in excess of 20 ky re. VOlts, of the maximum transient meas- this connection it should be pointed out 
4 corded ‘ ured for each test and its relation to the that complete information is lacking re- 
= ane Normal iti : : : : ; en ; 
ae: eee meta pest ae withstand test voltage of insulation for garding the actual insulation levels exist- 
poet ta Bia: Seumions indoor equipment for each voltage class. ing at each test installation, and that, if 
Ga 2 cia ct Normal conditions : 4 ee 
Gb—4..:..Normal conditions The AIEE Standards for apparatus bush- materially lower levels are encountered, © 
ae aed ee ae ings of both large and small apparatus, infrequent failures might be expected. 
H—2.....Normal conditions and for air switches and bus supports Insulation levels recommended for gen- 
pee of Sale et (700 switen Specify certain withstand test voltages eral use in power installations also appear 
. operations) ; Petersen-coil which are a measure of the basic insula- to be satisfactory for most furnace in- 
di E : ; é P 
psa 22 in tacet seeuane operations; tion level for each voltage class of insula- stallations. For some devices there are 
ver eee ee erasing ie tion. There are some inconsistencies in ‘‘high’’ and ‘‘low”’ levels within the nomi- 
8 geo staged switching operations; ~ . d ; r } 
\ solid peieiaag the values specified in the Standards for nal voltage rating, and the “high” level 
ink RA chp avian ae eect tomer _ the different types of apparatus, but, in should be selected (particularly when the 
etersen-co ; A ‘ a é : 
feet of cable replaced withover- general, an insulation level can be indi- operating voltage approaches the “volt- 
head : ; ” . : 
eae ek Normal conditions (300 switch cated whose lower bound isthe crest ofthe age class’), or it may be desirable to use 
operations) 60-cycle one-minute withstand test volt- apparatus of'a higher actual insulation. 
—2..... 00 staged switching operations ' : A - y - Sale 
Pe 4 bees ie goed bs are Brocton’ age, and whose upper bound is the im- level or to apply suitable protection equip- 
opening magnetizing current © pulse withstand test voltage. It is be- ment. 
Table V. Summary of Transient Voltages Recorded on Secondary Circuits _ 
apt Total Transient-Voltage Distribution—Number of Transients 
Designation Recording Recorder Test Transients Per 1,000 Hours Operation—Crest Voltage in Kilovolts 
Device 1 Location Operating Per 1,000 " 
Test aside 2, or 3* Line-to-Ground (Hours) Hours 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-10 10-12 12-14 Test Conditions 
Ee iS a, ee ae A LP el te ne 
—— ERY a ATUL Cerne ee Se tush Sa) Leretatenatt tia + DEO Me tlre Oi eras RS ae I Oa raeintts sears Dineen oleh Rte ee, peace :With secondary arresters: 
Ay BOET TS ne DE PN D028. oa See AD 202 ESE Med fe Re O° Ve Ms Mec dee eee alae With secondary arresters. 
ee ies sighed Pee wie t wee ee Ree ae "530 a fctad TD tae 64 2 (3 Se x nts A Ore ee ey aL ee eamucy ed oo With secondary arresters 
aa pees ri ae Otee oe Vee Pe ae ol ean Osi eee CE Ee ee ease HL og ap nate, “ae oF aS he RI to ot oie are: UNS COR With secondary arresters 
ae Bie Shite, dy Spkaec vere Awe et, Eee wes (Oy Sk A te sn OO Bee: PA he RE eI Ce EE es och ee ote oe With secondary arresters. 
ee Salons Sy os he ee. A Og ee Pid ay So ye ER DES OS 1 De Danese Dl. 20s Oe ee. LO Diesp4, ae Lease Normal operation 
*1, Lichtenberg figure. 2. Cathode-ray oscillograph. 3. Vacuum-tube counter. ** Line to line. 


*** Actual number of transients—not per 1,000 hours of operation. 
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Figure 7 shows the magnitude of arc- 
furnace primary transients as recorded 
- on the various tests and compares them 


with switching transients and transients | 


which may be caused by system faults. 
The dotted curves A, B, and C are the 
switching transients and transients from 
faults taken from the AIEE paper,® 
' “Power-System Transients Caused by 
Switching and Faults” (see also Lewis 
‘and Foust*). This curve indicates that, 
as far as the primary transients recorded 
on these tests are concerned, they are of 
about the same order as, and at least not 
greater in magnitude than switching 
transients. There was only one test that 
showed transients in excess of five to six 
times normal. Of all the transients re- 
corded above twice normal, 92 per cent 


_ were less than four times normal voltage. 


_ This curve sheet does not bring out the 
known fact, however, that the frequency 
of occurrence of furnace transients can 
be many thousands of times greater than 


a of ordinary Saye aces transients. 


Oe ae 


1. Voltage transients encountered in pri- 


mary circuits of furnace transformers have 


_ characteristics similar to those of ordinary 
_ power-system voltage transients, except that 
_ of frequency of occurrence. Primary-circuit 
* transient overvoltages in arc-furnace instal- 
- lations occur during the melting-down opera- 

tion and at the time of opening or closing the 


furnace breaker. The highest magnitudes 


appear to be associated with breaker open- 
ing operations. Accordingly, there are 
_ more transients in furnace transformer cir- 
cuits over a given period of time, because 
_ furnace breakers operate 40 to 50 times per 
_ day compared to a few times a year for the 


general use of circuit breakers.’ 
2. Insulation levels recommended for gen-_ 


eral use in power installations also appear 
to be satisfactory for most furnace installa- 
tiors. For some devices, however, there 
“are wide variations of the insulation level 
for the same voltage rating, and in those 
cases where the operating voltage ap- 
_ proaches the “voltage class,” it may be 
desirable to use apparatus of a higher actual 
insulation level as compared to the rating 
or to apply suitable protective equipment 
such as capacitors and lightning arresters. 


8. There does not appear to be any func- 
tional relationship between either furnace 
size or primary voltage and the number and 
magnitude of transients on a times normal 
basis. ; 


4, The magnitude of secondary transients 
suggests that they originate from current 
discontinuities in the secondary circuit. 


‘5. This report does not cover internal 
‘transformer voltages. 


‘6. Although this report is primarily a 
factual presentation of test data on voltage 
-transients, some members of the committee 
‘thought it desirable to stress the use and 
-adequate maintenance of a mechanically 
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A New Carrier Relaying System 


T. R: HALMAN 
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T has long been realized that the surest 
and most effective way to obtain 
simultaneous breaker operations at both 
ends of a transmission line, regardless of 
the location of a fault within the line sec- 
tion, is by use of some form of pilot chan- 
nel relaying. Two forms of this type of 
protection have been developed and used 


very successfully for a number of years. 


One system is the familiar distance-type 
carrier relay system, and the other is the 
single-element differential pilot-wire sys- 
tem. 

This paper describes a new one-to- 
three-cycle carrier relaying system which 
combines the simplicity of pilot-wire pro- 
tection with the versatility of povcalits 
Cartietir | ede wl 

A comparison of the ichafacterieties of 
the distance-type carrier and pilot-wire 


‘relaying systems gives the background 
and reveals the impelling motives for the . 


development of this new system. The 


distance type of relaying requires a source 


Paper 44-135, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 20, 
1944; made available for printing May 15, 1944. 

T. R. Hartman, relay engineer, and A. F. Drompp 
are both with The Detroit Edison Company, Detroit, 


‘Mich. S. L, Gotpsporoucn and H: W. LENSNER 


are both design engineers with Westinghouse Elec- 
tric and Manufacturing as aig Newark, N. J. 


rugged circuit breaker especially selected 
for arc-furnace service. 


Recommendations for Future 
Analysis and Study 


The magnitude of furnace transients, 
both primary and secondary, appears to 
be very closely associated with the char- 
acteristics of the electric system, and it 
may prove worth while to investigate this 
relationship by future calculation and 
theoretical analysis. It is believed that 
sufficient power-system data have been 
tabulated along with the test data to per- 
mit such a study by an analysis group. 

_ Wherever the point has been checked, 
the addition of high-voltage capacitors 
has been found to reduce both the number 
and magnitude of the transients recorded, 
and this fact may support the view that 


Halman, Goldsborough, Lensner, Drompp—Carrier System 
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‘the necessity of using separate relays in 


ditions do not tend to trip the relays and, 


“ments to prevent tripping. The resist- 
~ ance of the pilot wire is one limiting condi 


factor. 


Pi 
=} 
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MEMBER AIEE: 


A. F. DROMPP 


NONMEMBER AIEE 


Dp 


of current and wcibuitial to ‘determine the 
location of a fault. Backup protection i is 
provided, and auxiliary elements are re- 
quired to prevent tripping on an out-of 
step condition. Consequently, the con- 
tact and circuit complication has been in- 
creased over that required for a basic 
carrier relaying system. : Re 

In the single-element pilot-wire system, | 
which has been in,use for a number of 
years, certain problems were solved which 
resulted in, definite steps toward sim-— 
plicity. The chief progress toward sim- 
plicity in this scheme was effected by the 
use of relays operating on symmetrical 
components of current. This obviated 


each phase and reduced the relay re- 
quirements to one per terminal to handle 
all phase and ground faults. This same — 
symmetrical-component device also re-_ 
duced the number of pilot wirestotwo. 

No potential source is required for this — 
pilot-wire system, since the positive- and — 
zero-sequence components of the fault — 
current at each end of the protected lines — 
are compared.! System out-of-step con-— 


therefore, do not require auxiliary ele 


aye characteristics are an important 


peace 
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tion, however, for this relay. Further- 
more, in some cases induction in the pilot 
wire and differences of ground i ae 
cause undesirable effects.® 

It is evident from the foregoing that a 
marked simplification in a carrier relaying 
system is possible by using the elements 
of the pilot-wire relay and substituting a 
power-line carrier channel for the pilot 
wire. A carrier relaying system of such a 
nature has been developed, and extensive 
tests on an artificial transmission line in 
the laboratory and on an actual line in the 
- field have proved it to be el ca ela in 
operation. 


Principle of Operation 


Basically the relays determine whether 
a fault is inside a protected line section or 


external to it by comparing, over the | 


carrier channel, the relative directions iof 
the currents at the ends of the line section. 


This comparison takes place in the grid» 
circuit of a vacuum tube connected as 


shown in Figure 1. The tube is normally 
biased to cutoff; that i is, the bias voltage 
E, is sufficient to block the flow of plate 
_ current when no other voltage is present 
in the grid circuit. Carrier is trans- 
mitted from both ends of the line on 
' alternate half-cycles of the power fre- 
quency. A voltage proportional to the 
‘received carrier is introduced into the 
grid circuit of the vacuum tube in series 
with a single-phase voltage derived from 
the local line currents. The polarities of 
these two voltages are such that for an 
internal fault current flows through the 
vacuum-tube plate circuit on alternate 


half-cycles of the power frequency. A. 


voltage is thus induced into the secondary 
winding of transformer TR which is 


sufficient to operate the relay element R. 


and close the trip circuit. For an ex- 
ternal fault, the phase of one of the volt- 
ages in the grid circuit reverses, and the 
flow of plate current is continuously 
blocked. Therefore, no voltage is in- 
duced in the transformer secondary wind- 
ing, and the relay does not operate. This 
vacuum tube is appropriately called a 
“relay tube’’ because of its function, and 
it will be referred to as such hereinafter. 


Complete System 


Figure 2 shows a compte basic dia- 
gram of one terminal of the relaying sys- 
tem. The three-phase line currents ener- 
gize the positive-plus-zero-sequence filter. 
The single-phase output of the sequence 
filter is connected to a fault detector and 
to the grids of two thyratrons V1 and V2. 
These thyratrons and the associated re- 
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VOLTAGE DERIVED 
FROM RECEIVED 
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D-C SUPPLY 


Figure 1. Relay tube circuit in which local 


and distant currents are compared 


TRANSMITTER 
& LINE TUNER 


STATION BUS 


sistors and capacitors comprise a trigger 
circuit which is operated by the filter out- 
put voltage. The fault detector is used 
to obtain an intermittent carrier scheme, 
so that the carrier channel is available for 
any auxiliary function such as communi- 


- cation or telemetering except during the 
- time of a fault.4 


One contact on the fault 
detector (FD-1) starts carrier through the 


_thyratron trigger circuit, and another 
_ contact (not shown) is used to interrupt 


any auxiliary function. 

Upon the occurrence of a fault, the con- 
tact of the fault detector closes and 
applies positive direct voltage to the plate 
circuits of Vl and V2. When the grid of 
V1 becomes positive, as a result of the 
filter output voltage, it fires and its plate 
or anode current very rapidly rises to a 
steady-state value as determined by the 
supply voltage and the plate and cathode 
resistors (R, and R,) of the tube. On the 
next half-cycle, the grid of V2 becomes 
positive, and thyratron V2 fires. When 
this occurs, the charge on the capacitor C, 
connected between the plates of V1 and 
V2, makes the plate potential of V1 
momentarily negative which extinguishes 
V1. Thus the wave form of plate current 
of either thyratron will be square half- 


_ cycles of fixed magnitude for any value or _ 


wave form of grid voltage, providing, of 
course, sufficient grid voltage is present to 
fire the thyratrons V1 and V2. The 
voltage drop across the cathode resistor R, 
is used as the plate-supply voltage for the 
oscillator tube in the carrier transmitter. 
Applying this voltage to the plate of the 
oscillator causes the transmission of 


Halman, Goldsborough, Lensner, Drompp—Carrier System 


carrier on alternate half-cycles of the 
power frequency. 

The voltage drop across the other 
cathode resistor R,’ of thyratron V2 is 
connected in the grid circuit of the relay 
tube in series with the d-c output of the 
carrier receiver (Ez) asshown. When V2 
fires, the voltage drop across R,’ makes 
the grid of the relay tube positive. ‘The 
d-c output of the carrier receiver is con- 

' nected with the opposite polarity and is 
sufficient to cancel the effect of the volt- 
age across R,’ if carrier is received at the 
same time that V2 is conducting. The 


TR 
I e Figure 2 (left). Complete basic 
diagram of simplified carrier 
(R) relaying system . 
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Figure 3. Wave diagrams of relaying quanti- 
ties 


remainder of the relay-tube circuit is the 
same as shown in Figure 1. The carrier 
transmitter and receiver are conventional 
carrier relaying units whose construction 
and principle of operation are well 
known. 


Response to Faults 


Figure 3 shows in detail how the circuits 
just described determine whether an 
internal or external fault exists. The re- 
lay-tube circuit is repeated at the top of 
Figure 3 for convenience. The ‘‘operat- 
ing voltage from trigger circuit” is the 
voltage drop across R,’ of Figure 2. Itis 
called operating voltage, as it makes the 
grid of the relay tube positive, causing the 
flow of relay-tube plate current. The 
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Typical phase-angle-relay-cur- 
rent curve of system 


Figure 4. 


“restraining voltage from carrier’ is the 
d-c output of the carrier receiver (Ep) and 
is so named as it opposes the operating 
’ voltage and prevents the flow of plate cur- 
rent in the relay tube by applying nega- 
tive potential to its grid. 

To see how the quantities shown in 

Figure 3 are utilized, consider first an 
internal fault. The polarities of the 
sequence-filter output voltages at the two 
ends of the line are such that, when the 

fault detectors operate, carrier is trans- 
mitted from both line terminals on the 
same half-cycles (Figure 3, C and D). 

The received and rectified carrier re- 
straining voltage (Figure 3, E) is applied 

_ to the grid of the relay tube in series with 
the operating voltage (Figure 3, B). The 

, net voltage on the grid of the relay tube is 
the sum of these two voltages, and has the 

wave form indicated at F on Figure 3. 
The reference axis at F is the voltage HE, 
required to cut off the plate current of the 
relay tube. Consequently, when the net 
grid voltage is above this axis, plate cur- 

_ rent flows. 
no rectified carrier voltage during the half- 
cycles that the grid of the relay tube is 

_made positive by the operating voltage. 

Asa result, plate current will flow in the 
relay tube, as shown at G in Figure 3. 
The half-cycle plate-current pulses flow 
through the primary winding of the trans- 

former ZR. The secondary voltage 

_ (Figure 3, H) is rectified to provide a 
steady relay operating force, and the 
direct voltage so obtained causes current 
to flow to operate the relay R (Figure 3, 
I). 

During an external fault, when the 
fault detectors pick up, carrier is trans- 
mitted from the two ends of the line on 
alternate half-cycles, as shown at C’ and 
D’' in Figure 3. This change occurs be- 
cause the current at one end of the line 
has reversed with respect to the current 
at the oppositeend. If the current enter- 
ing the line is in phase with the current 
leaving it, the rectified carrier at each 
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For an internal fault, there is © 


receiver will provide a substantially con- — 


tinuous restraining voltage (Figure Lie cia 


This voltage in series with the operating © 
voltage (3, B’) gives a resultant value » 
’ which is always: more negative than the 
cutoff bias of the relay tube (Figure 3, 


F’). Asa result, no plate current flows 
(Figure 3, G’), and the relay does not 
operate. 

The phase position of the line currents 
theoretically may fall anywhere between 
the inphase position and the 180-degree 
out-of-phase position. Figure 4 shows 
the characteristics of the relay over this 
entire range. As the phase position 
changes from in phase (external fault) to 
out of phase (internal fault), the blocks of 
the distant carrier change in phase posi- 
tion with respect to the. blocks of local 
carrier, the two extremes being shown in 
Figure 3, C and D, and Figure 3, C’ and 
IB 
plate current of the relay tube will be 


blocked over more and more of the cycle, 


and the tms value of the a-c component 
of the plate current will decrease. This 
will result in a decrease of the current in 


relay R as shown on the typical phase- 


angle relay-current relationship Figure 4. 
By adjusting the sensitivity, the relay R 
can be set to operate when the angle be- 
tween the currents at the two ends of the 
line becomes any desired value, such as 30 
degrees, as shown. 

The preceding explanation i is fates on 


single-frequency operation of the carrier . 


equipment. That is, the transmitters 


and receivers at both ends of the line are ~ 


tuned to the same carrier frequency. It 


Figure 5. Type-HKB relay used in simplified 
carrier relaying system described in paper 
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‘since the relay-tube plate current always — 


Between these two extremes the 


blocking depends on receiving a signal 


applied to the relay tube at either end. 


_Telay 


either relay tube. 


is transmitted iseally olga’ on ae) hal 7 
cycles when there is no operating voltage . 
present. Consequently, it is never neces- | 
sary to receive the local carrier signal, 4 


will be zero during these half-cycles. 

This means that two-frequency operation 
of the carrier transmitters and receivers” 
is possible without complication, if it is” 
desired to use some auxiliary function — 
which requires a two-frequency channel. — 
In two-frequency operation, the trans- — 
mitter at one end of the line and the re- 
ceiver at the opposite end are tuned to one ~ 
carrier frequency, and the other trans- — 
mitter and receiver are tuned to a differ- — 
ent frequency. This permits simultane- — 
ous transmission and reception in both 


directions as would be needed for téleme- a 


tering in one direction and load control ; 
in the opposite direction. When two- a 
frequency operation is used, ‘the line trap | 

at a given station is tuned to the fre- e 
quency transmitted from that station. 


Special Considerations 


tors at both line terminals usually will be — 


the same, there is the possibility of a dis- 
tant external fault picking up the fault 


detector at only one end of the line. As 


Although the settings of the fault detec- ~ 
| 
; 


from the opposite end of the line section, © 
carrier must be started at both line 
terminals before operating voltage is _ 


To do this, the thyratron which starts 
carrier is set more sensitively than the one 
which provides operating voltage to the — 
tube. The  carrier-controlling 
thyratron also is more sensitive than the 
fault detector and therefore always will 
fire whenever the fault detector picks up, 
but the thyratron which provides operat- 


‘ing voltage is set less sensitively and 


therefore will not fire until the fault cur- — 
rent reaches a value approximately 50 per — 
cent above the fault-detector setting. 
Thus, if the fault current is just above the 
pickup value of the fault detector; it will 
pick up, and thyratron V1 (Figure 2) 
will fire and cause the transmission of a 
continuous carrier signal. The two thy- 


-ratrons will not trigger back and forth — 


until the fault current is high enough to. 
fire V2. Then the system will operate in 
its normal way. The firing point of V2 
need be enough above that of V1 to insure — 
that the fault detectors at both ends of 
the line pick up and start carrier before 
operating voltage is applied to the grid of 
The difference in 
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- 3-25 KVA 


settings of V1 andV2 can be accomplished 
easily by adjusting the resistor Rl in 


Figure 2 larger than R2 to obtain the ~ 


proper voltage distribution. As ‘the se- 


‘quence-filter output voltage increases, 


more of it will be applied to the grid of V1 


- than to that of V2, thus allowing V1 to 


f. 


fire at a lower fault current than V2. 

One of the fundamental requirements 
of the new current-comparison carrier 
system is that no dependence be placed 
upon the relative magnitudes of the fault 
currents at the two ends of the protected 
line section. In this respect the system 
‘operates somewhat differently from the 
pilot-wire relay in that it is not a ratio- 
differential scheme but operates only on 


the relative phase position of the currents 


at the twoends. The reason why magni- 


tude comparison cannot be used is that to 


do so would entail the reception of a 
carrier signal through an internal fault. 
Also, the attenuation of a power line to 
carrier frequencies changes with weather 
and system switching conditions, result- 
ing in the reception of a signal which 
varies in strength over a wide range. 
While some signal, no doubt, could be re- 
ceived through an internal fault, especially 
if high power were used, it seems fairly 
obvious that no dependence could. be 
placed on the reception of a signal of the 
proper magnitude. In the present sys- 
tem, therefore, the circuits which control 
tripping and blocking are saturated at 


as low a current value as possible, and 
only the variation in phase position is 


attilized to discriminate between internal 
cand external faults. Also, it is only 


ecessary to receive a signal from the | 


‘far end of a line section when blocking 
is required, that is, during a fault exter- 
nal to the protected section. 

The carrier receiver saturates at a 
ssmall value of received signal and pro- 


_ -vides sufficient restraining voltage to give 
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.a good margin of safety over the operating 
voltage over a very wide range of carrier 
sattenuation. This is done to insure de- 
pendable blocking for external faults. It 


Figure 6 (left). Transmission- 
system conditions for staged 
tests 


Figure 7 (right). Oscillogram 
of operation during internal 
fault 
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Figure 8 (below). Oscillo- 
Fe gram of operation during 
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should be noted in Figure 3, C, D, and E, 
that the restraining voltage due to the 
reception of both the local and distant 
signals is no greater than for the reception 
of the distant signal alone (Figure 3, C’, 
D’, and FE’). This is due to the satura- 
tion of the carrier receiver. Asa result of 
saturating all the quantities involved, a 
single curve (Figure 4) suffices to show the 
relay-system characteristic over a wide 
range of fault currents. 

On lines with a source of power at only 
one end, this system will block for an 
external fault beyond the line terminal 
having-no source of power. However, 
for an internal fault, only the end having 


_ a source of power will trip. This opera- 


tion is the same as for a standard distance- 
type carrier relaying system. 
The application of this relaying system 


to three-terminal lines has been consid- — 


ered, and there appears to be no funda- 
mental reason why it will not operate 
satisfactorily.® 
actual tests on a three-terminal line have 
been made. 

There is a theoretical condition where 


- the use of the positive-plus-zero sequence 


filter may result in incorrect operation. 
This occurs on an internal B-C-to ground 
fault when the positive-sequence current 


all comes from one end of the line and the 


zero-sequence current all comes from the 
opposite end. In addition the magni- 
tudes must be exactly right, and the phase 
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angle of the positive- and zero-sequence 
system impedances must be equal. This 
same condition exists for the pilot-wire re. 
lay which uses the same type of network 
filter, but in no installation has this exact 
condition ever been encountered. If it is 
a condition which must be satisfied, the 
use of positive sequence alone is a solu 
tion) 


‘The Equipment 


The relay proper contains the positive 
plus-zero sequence filter, the operatins 
element, and the fault detector. Figure é 
is a picture of the relay in a case equippec 
with switches to facilitate testing. The 
trigger circuit, relay tube, and associatec 
components are mounted on a 19-inch 
wide panel for relay rack mounting in th 
same cabinet as the carrier transmitte: 
and receiver. Provision is made to check 
the operation of the circuits without dis 
turbing the installation. . 


Field Tests Ais é ie 


In order to obtain field experience unde: 
typical service conditions, the first instal 
lation of this carrier relaying system wa: 
made in April 1944 on a 120-kv trans 
mission line of The Detroit Edison Com 
pany’s system. Before being installec 
in the field, the equipment was set uj 
completely by the company in its labora 
tory for a preliminary trial. A miniatur 


transmission line, which could be fec 


independently from either end, was con 
nected to the relays through current trans 
formers, and all types of fault condition: 
were simulated. These preliminary test 


did not disclose any incorrect relay 


operations during a large number anc 
variety of applied faults. The tests als 
permitted a very complete study of th 
effects of all adjustments on the equip 
ment. 

After this thorough trial in the labora 
tory, the equipment was installed on th 
Trenton Channel—Warren line 2 (see Fig 
ure 6) which is one of four parallel circuit 
feeding the Warren station from th 
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Trenton Channel powerhouse. On April 
2, a series of staged tests was run, in 


which artificial faults were applied to the - 


line. Figure 6 shows the pertinent de- 
tails of the line and bus arrangement, 
together with the special test connections 
used. To minimize the disturbance to 
_ the system, two circuits on the same tower 
line were connected in series, as indicated 
_on the diagram, and energized at only one 
fifth of normal voltage from the Warren 
station 24-kv bus. To compensate for 
the lower current resulting from this cir- 
cuit arrangement and to obtain values 
more representative of actual faults, the 
secondary current was stepped up three 
times through a set of auxiliary current 
transformers before feeding into the relay. 
The 24-kv system is solidly grounded in 
_ the same way as the 120-kv system. The 
-a-c source was connected to the line 1, 
and the faults were applied to line 2 at the 
Warren station terminal under three 
different test conditions. In the first 
condition, the fault was applied at point A 
_ (Figure 6) just external to the protected 
zone. For the second condition, the 
fault was applied at the same point, but at 
Warren station the polarity of the, se- 
quence-filter output was reversed to 
| simulate an internal fault with a source of 
power at both ends of the line. For the 


third condition, the fault was applied at | 


point C to simulate an internal fault fed 

from only one end of the line. 

_ Ten tests were made under each of the 
conditions outlined, including a solid 
three-phase fault and all combinations of 
line-to-line, double-line-to-line-to-ground, 
and single-line-to-ground faults. In all 
cases, the test condition was set up with 
the 120-ky lines de-energized and then the 

24 -ky breaker was closed to initiate the 
fault current. In every case, the relays 
operated correctly. No tripping oc- 


curred on any of the external faults, 


‘whereas all internal faults were cleared 
promptly by the action of the proper 
circuit breakers. 

 Oscillograms were taken at Warren 
station of every test and showed essen- 
tially consistent and positive operation of 
all components of the relaying system. 
The test control sequence was such that 
oscillographic records of the beginning 
and the end of the fault-current flow were 
recorded whether the fault was cleared by 
the line breaker or by the test feed 
breaker. This was done so as to include 
on the oscillograms the effect of switch- 
ing transients. 

The average relaying time was 2.5 
cycles with the slowest operation a cycle 
longer which was probably due to the 
random initiation of the fault in terms of 
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ine 60-cycle. wave. This can result in a 
variation of about one cycle in the point 


- at which the trigger circuit applies operat- 


ing voltage to the grid of the relay tube. 
For these tests, the plate circuits of the 


thyratrons V1 and V2 were continuously _ 
energized, and the fault-detector contact : 


was in the plate- Supply. lead to the relay 
tube. 
Typical Setioeriea taken during the 


staged tests are shown in Figures 7 and 8. . 


The quantities recorded include relay 
current in the three phases and neutral, 
detector plate current which indicates 
received carrier and restraining voltage, 


operating voltage applied to the grid of. 


the relay tube, the plate current of the re- 
lay tube, oscillator plate current, trip 
current, and fault-detector operation. 
It was felt that these quantities would 
give a complete record of the performance 
of the new system. 


Figure 7 is an oscillogram of an internal 


fault? The fault detector operated in 


0.75 cycle, and the operating element K 
closed to complete the trip circuit two 
cycleslater. Aslight time delay has been 
added intentionally to the relay element 


R. This was done as a precaution against _ 


operation on a single pulse of energy 
caused by a transient during the clearing 
of an external fault. The tests indicate 
that the time delay selected was more 
than enough. Additional tests in the 
laboratory are being made to determine 


the amount of time delay, if any, which . 


will be required. Figure 8, which is an 
oscillogram of an external fault, indicates 


- that the time delay is unnecessary. .Ref- 


erence to the trace of relay-tube plate 
current in Figure 8 shows that it remained 


zero during the entire time offault. The - 


external fault was cleared by automati- 
cally opening the 24-kv breaker approxi- 
mately 18 cycles after it closed. The 
wave form of the quantities recorded on 
the two oscillograms is in good agreement 
with the theoretical values shown in 
Figure 3. The carrier receiver was 
adjusted for a high sensitivity to obtain 
the maximum effect of any transient 
which might affect the received carrier 
signal. ; 

The equipment was put into service 
immediately after the tests, and has per- 
formed according to expectations to the 
date of this writing. Special records on 
the operation of this equipment are being 
kept. Indicators and counters provide 
records of the operation of the fault- 


detector and the tripping relay. Warren 


station has an automatic oscillograph in 
service which records three-phase voltage 
and neutral current on the 24-kv system. 
Another has been added for this trial in- 


t 


7 


8 4 rt " ) ar 
t ‘ + q 


_ stallation which ie ee ph 
and residual currents in the generator and 


the Trenton Channel—Warren line 2, and 4 
The opera- 
tion of the fault-detector relay initiates 
both of these oscillographs, and it is ex- — 
pected that further valuable information — 


the received carrier signal. 


will be obtained from this combination. 


Conclusions - 


This new carrier relaying system, by — 


combining the advantages of electronic 


tubes and symmetrical- component filters, + 


results in a marked simplification over 
previous carrier relaying systems. The 


_number of relays required for complete 
phase and ground protection has been 
reduced to one per terminal, and the num- — 
ber of moving elements in the eee has 


been reduced to two. 

The system operates on current only, — 
eliminating the need of a source of oe 
tial and the attendant requirement of 
minimum voltage operation. It will not 
trip during system swings or out-of-step | 
conditions. It is particularly well — 
adapted to installation on circuits where 
existing relays would provide satis- 
factory backup protection to a carrier 
system. For this reason, lower-voltage 
circuits from 66-kv down appear to 


present a large number of possible ap-. 


plications for the new relay system. 

The use of a fault detector retains the 
feature of an intermittent carrier system 
and permits the use of the relaying carrier 
channel for other services. 

The system compares phase positions 
of current and therefore can be made very 
sensitive. It is easily applied, and 
the saturation characteristics make it 
practically independent of fault- current | 
ses fe Se? 
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Application Charts 
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Synopsis: The performance of a multiratio 
current transformer is most simply repre- 
sented as a function among the admittance 
vector locus of the core for one turn, the 
secon -turn number JV, and the secondary 
impedance Z. If the ratio of N?/Z is used 
as a variable, extremely simple application 
charts for ratio correction factor in relation 
to primary currents result. The ratio N?/Z 
furthermore is basic in the matching of 
transformers and burdens for maximum 
volt-ampere output at given primary cur- 
rent. Methods for computing the optimum 
volt-ampere output are given, and a chart 
is derived from which all data for a correct 
matching can be obtained at once. The 
usefulness of these methods is explained in 
connection with various examples such as 
applied to relaying circuits commonly used. 


IN recent years the theory of operating 
of multiratio bushing-type current 
transformers has been given extended 
_ study resulting in a simplification of the 
application curves.!:? There is still lack- 
ing, however, a single chart from which 
the ratio correction factor for any value 
of primary current, any turn number, 
any secondary burden, and burden power 
factor can be read directly. In this paper 
a study is made to determine the feasi- 
. bility ofsuchachart. 
To date, there is very little information 
available on the secondary-output varia- 
tion with relation to primary current, turn 
numbers, and burden. In many in- 
_ stances the secondary volt-ampere output 


is the quantity determining the operation — 
of connected apparatus, such as instru- 
It therefore appears 


ments and relays. 
that benefits would be derived from a 
formulation of the output characteristics, 
particularly in the field of low primary 
_ currents. Of particular value would be 
the development of a volt-ampere-output 
application curve which would enable the 


relay engineer to determine quickly the © 


optimum performance. 
_ Standard Application Curves 


In recent years numerous efforts have 
been made to simplify the representation 
of errors in multiratio relaying-type cur- 
rent transformers. A particularly simple 
graphical solution results for the ratio 
correction factor and phase-angle error 
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when the admittance-vector locus of the | 


steel core is used.1 The complex ratio 
can be represented as a function of the 
number of secondary turns, the secondary 
burden and the admittance vector for one 


* turn 


If one designates 


N=number of secondary turns. 

Z=total secondary burden 

Y, =admittance vector for one turn 
R(1/1) =one-to-one ratio 


the following relation exists: 


—R(1/1)= ye? 


Z 


resulting in the transformer chart shown 
in Figure 1 for the case of a typical 23-kv 


Figure 1. Chart for calculation of ratio and 
phase angle for any number of secondary 
turns N, any total burden Z at any power 
factor, and any desired secondary current |, 

provided N2/Z <1,000 


Instructions:. 


1. Compute volts per turn /,Z/N and mark 
point on locus Y;, corresponding to this value 
-as B 


2. Compute N2/Z and mark corresponding 
point A at proper power factor 


3. Phase angle @=angle OAB 
True ratio Ry=h/h=NxAB/AO 

N=Number of secondary turns 

Z=Total secondary impedance 
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specimen. All the following charts will 
be based on this 23-kv specimen. In 
most relaying applications knowledgé of 
the phase angle is not required. The 
small amount of drafting work necessary 
in conjunction with Figure 1 can be 
avoided by plotting curves representing, 
various N?/Z values in a co-ordinate sys- 
tem with ratio correction factor as 
ordinate and primary current as abscissa. 

Figure 2 represents a practical chart 
giving the required information without 
necessitating drafting and with the least 
amount of computations. As has been 
pointed out in a recent paper,? for most 


transformers the ratio error is not 
~ affected greatly by changes in the power 


factor of the burden. The curve there- 
fore applies for any burden power factor 
encountered in ‘practice. The use of the 
chart shall be explained in conjunction 
with an example: 


Assumed total burden =4.0 ohms (at 50 per 
, cent power factor) 
Transformer ratio=250/5=50/1 ; 
What is the ratio correction factor for a 
primary current of 150 amperes? 
Calculate ; 


# 


* 


Select this latter abscissa on the chart, 
point A, and follow vertically to the curve - 
corresponding to V?/Z=625. If there is 
no curve drawn for this value, interpolate 
between two curves including this value, 
giving point B. The ordinate of point B : 
corresponds to the ratio correction factor 
(RCF), the value of which can be read on 
the ordinate axis, point C, giving RCF 
=1.11. This chart permits the quick 
determination of the RCF of a specific 
transformer for any secondary-turn num- 
ber, any secondary burden of any usual | 
power factor and at any primary current. 


It has the advantage of not being limited 


to the specific burdens usually referred to 
on similar charts. This seems to be an — 
important feature since burdens encoun-_ 
tered in practice never or only acci- 
dentally correspond to these specific | 
burdens. ; t To 
Figure 2, together with the admittance- 
vector-locus chart shown in Figure 3, 
appears to satisfy the American Standard 
C57.1—4.033, covering current-trans- 


Paper 44-93, recommended by the AIEE committee 

on protective devices for presentation at the AIEE- 
summer technical meeting, St. Louis, Mo., June 

26-30, 1944. Manuscript submitted February 15, 

1944; made available for printing May 4, 1944. 


R. Koiver is test engineer for the Pacific Electric 
Manufacturing Corporation, San Francisco, Calif. 
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former application data completely and 
in the simplest and still most general 


form. A chart similar to Figure 2 can be 
prepared for the representation of the 
phase-angle errors. Such a chart, how- 


' ever, is sensitive to power-factor changes 


© in the burden and therefore is limited to 


one specific power factor. 
Secondary Volt-Ampere Output 


It is the prime purpose of a current 


_ transformer to provide an appropriate 
_ supply of secondary power for the opera- 
tion of various devices, such as meters, 


relays, and trip coils. These devices re- 


quire a definite amount of power to per- 


form the desired operation. Difficulties 


are encountered in many cases where 
operation is required at very low primary 
current. It is known that for each 


 multiratio transformer there appears to 


be a definite ratio giving best performance 
under given primary current and load 
conditions. -In the following it will be 
shown, that the optimum performance of 
any multiratio transformer can be deter- 


mined from a turn-impedance matching 


ae 


detail. 


chart requiring but a few simple computa- 
tions. Since this chart is based on an 
analysis of the secondary volt-ampere 
output in relation to primary current, 


tum number, and secondary burden,. 


these factors shall be investigated in 
It will be seen that the admit- 
tance-vector locus offers a simple means 
of obtaining the desired data. 


‘VARIATION IN VOLT-AMPERE OUTPUT WITH 


VARYING SECONDARY-TURN NUMBER, 
CONSTANT SECONDARY IMPEDANCE, 
AND CONSTANT PRIMARY CURRENT 


Figure 4 shows the variation in second- 
ary volt-ampere output for 500-ampere 
primary current and two secondary 
burdens of 3.4 ohms and 13.6 ohms, in 
relation to the secondary-turn number. 
It can be seen that pronounced maxima 
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Figure 2.. Chart giving ratio-correction factor 
for any number of secondary turns N and any 
total secondary impedance Z at power factors 


between 50 and 100 per cent and for any | 


primary current 


Internal R=0.0022N ohm. 
Internal X considered negligible 


exist at 40 and 80 tums respectively. 
For the 3.4-ohm burden the output at 20 
turns is only about one-third the maxi- 
mum output-of 325 volt-amperes occur- 


ring at 40 turns. It can be noted further . 
that the maximum volt-ampere output is. 
equal for the two burdens considered and — 


that the following relation exists between 
optimum turn numbers and the respective 
impedances: 

N? 40? 80? Metis 
> ==— =~ =471=constant - 

Z 3.4 138.6 } 

Matching of the impedance with the 
secondary-turn number is essential in 
order to obtain best performance. As 


- an example, assume that the impedance 


Z=3.4 ohms represents the trip coil of a 
circuit breaker which is directly con- 
nected to one of the secondary taps of the 
transformer whose primary current is 500 
amperes. If the trip coil requires 300 
volt-amperes to trip, it can be seen that 
tripping will be accomplished easily with 
the 40-turn connection but is impossible 
with any of the other standard connec- 
tions of the secondary winding. : 


VARIATION IN VOLT-AMPERE OUTPUT 

’ With Varyinc SECONDARY IMPED- 
ANCE, CONSTANT TURN NUMBER, AND 
ConsTANT PRIMARY CURRENT 


Figure 5 shows the variations in volt- 
ampere output for 500-ampere primary 
current, for various fixed secondary-turn 
numbers and varying burden impedance. 
The maximum volt-ampere output again 
amounts to 325 volt-amperes. The out- 
put is very sensitive to changes in mag- 
nitude of the burden impedance butisonly 
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“little affected by changes in power facto 
as 
formance occurs at the same N?/Z value 
of 471 as found in Figure 4. From 


T + 
a * 
< An 


shown in Figure 5. The optimum 


F 493-9 A 
CONDUCTANCE FOR ONE TURN—MHOS 
°O ; 100 . 


+ 200 


SUSCEPTANCE FOR ONE TURN — MHOS 


0.0015 


Figure 3. Admittance-vector locus Y; in 4 


’ mhos for one turn as a function of volts 


per turn 


Determination of exciting current: 


We 


a 
Be 


ni 
_ Internal reactance considered negligible 


Determine volts per turn /,Z/N giving 
_ point B, Y,;=OB and go hh: 
Yy=Y,/N? Je 


1s = YwEs 


Internal resistance, R=0.0029N. 


primary current there exists a definite 
volt-ampere-output maximum. Itcan be 
seen also that independent of the second- 
ary-turn number NV the maximum occurs 
at a definite flux density of the core corre- 
sponding to E,/N=0.83 volt per turn in 
case of 500 amperes primary current. 
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- VARIATION IN VOLT-AMPERE OUTPUT 
_ WiTH VARYING PRIMARY CURRENT 


Increased volt-ampere output requires 
increased primary current. Figure 6 
represents tests on 80 turns with varying 
primary current and varying secondary 
impedance. At 1,000 amperes the maxi- 
mum equals 710 volt-amperes; at 700 
amperes 480 volt-amperes; at 500 am- 
peres 325 volt-amperes, and at 300 
amperes 175 volt-amperes. 

For various primary currents and con- 
stant number of turns the maxima do not 
occur at the same secondary-burden im- 
pedances and hence not at the same value 
of NV?/Z. Therefore, if a transformer has 
been matched for optimum volt-ampere 
output at a specific primary current, the 
‘secondary impedance and turn numbers 
- must be rematched for another primary 
current to produce maximum output. 
_ The curves shown in Figures 4, 5, and 6 

are too involved for use as practical 
application ‘curves. Figure 7 shows a 
curve A which relates the primary current 
with the burden impedance Z and the 
turn number JN, in particular N?/Z, at 
which the output maximum occurs. 
Curve B designates the maximum volt- 
ampere-output corresponding to various 
primary-current values. The use of this 
chart will be explained by means of a 
specifictexample. 
A relay having a burden of six pitas is 
set to operate at five amperes. What is 
-the minimum primary current value at 
_ which tripping takes place and what is the 
corresponding optimum turn number? 
The secondary volt-amperes at tripping 
are equal to 5?X6=150 volt-amperes. 
From curve B, Figure 7, the correspond- 
ing minimum primary current amounts to 
275 amperes. If we refer to curve A, the 
corresponding N?/Z value amounts to 
260. Since Z is equal to six ohms 


N?=6X260=1,560 giving 
| N=V/1,560=39.5 turns 


_ VOLT-AMPERE: OUTPUT 


ro) . 
fe) 20 40 60 80 100 120 


SECONDARY-TURN NUMBER 


Figure 4. Variation in volt-ampere output 

with varying secondary-turn number, fixed 

secondary impedances, and constant primary 
current 


J, =500 amperes 
Burden power factor=0.5 
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VOLT-AMPERE OUTPUT 


The closest turn number available on 
standard taps is 40 turns. The relay 


should be conhected to. this tap; if the 


relay were connected to a different tap of 
the transformer, tripping would take 
place only at a higher primary current. 
It is apparent that impedance matching is 
essential in order to procure best perform- 
ance. 


GRAPHICAL DETERMINATION OF VOLT- 
_AMPERE Output From ApMIT- 
- TANCE-VECTOR Locus 


The secondary output can be deter- 
mined readily from the admittance-vector 
locus, for one turn as will be explained in 
the following. 

Figure 8a shows a Hapiien representa- 
tion of the primary, secondary, and 
exciting ampere-turn relation of a trans- 
former with equal number of primary and 
secondary turns NV. For the case of one 
primary turn and WV secondary turns the 
single-turn primary current can be ob- 
tained from the relation J,’/= NM. 

The current diagram 8b is obtained 
from the ampere-turn diagram by divid- 
ing the vectors in diagram 8a by the turn 


number NV. As a first step it will be 


indicated how the volt-ampere output 
can be constructed from this current 
diagram. This method requires an ex- 
citing-current curve in polar form. _ 


For a fixed value of primary current the - 


distance BC in Figure 8b remains con- 
stant, whereas OB=I, and OC= I, vary 
with the secondary impedance, respec- 
tively with corresponding variation in 
volts per turn. With open circuited 
secondary the primary current is equal to 
the exciting current =IJ,,=OA. The 
procedure of obtaining the volt-ampere 


output for constant primary current is 


therefore to assume a secondary-voltage 
value E2, determine the exciting current 
giving point B and find the intersection 
of the circle with center at B and radius J; 
with the line OC corresponding to the 


WI3-F . 


) 10 20>" 30.8) 40", BNS0)" 60. 
SECONDARY IMPEDANCE —OHMS 
Figure 5. Variation in volt-ampere output 
with varying secondary impedance, fixed turn 
numbers, and constant primary current 


[,=500 amperes 
-50 per cent power factor 
—--90 per cent power factor 
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power-factor phase angle of the secondary 
burden, giving OC=J, and the output 
=, He. 

However if the vectors in Figure 8b are 
multiplied by N?/E2, the admittance dia- 
gram 8c is obtained. Since the admit- 
tance-vector locus is available (Figure 3), 
it is advantageous to use it in the deter- 
mination of the volt-ampere output. 
Whereas in Figure 8b, distance BC is con- 
stant, in Figure 8c it varies with the 


secondary volts per turn value Z2/ NV. 


The secondaty volt-ampere output for a 
constant primary current J,/= NJ, and a 
specific value of F,/N represented by 
port B can be obtained as s follows: 


ue Calediates 


aie 


2. Intersect the circle with center B and 
radius J;’/(E2/N) with the leer line 


: OD, producing point C. 


38. The volt-ampere output at point Bis 

equal to E,?/Z=(E,/N)?N/Z and is ob- 
tained by scaling OC and multiplying its 

value by (£2/N)? of point B. This output 

is plotted most conveniently in an orthog- 
onal co-ordinate system with OD as 

abscissa, as indicated in Figure 8c. 


Figure 8c brings out the important. 
fact that the volt-ampere output is not 
primarily a function of Z or N, but of the 
ratio N?/Z, This is the basic variable in 
volt-ampere-output problems as well, and — 
it is for this reason that the impedance 
matching curves (Figure 7) become sim- 
ple. 


MATHEMATICAL Deneeeeeion OF ‘ 
Vo.Lt-AMPERE OUTPUT 


Without loss in generality, the volt-— 
ampere output can be computed by 
assuming a transformer having one 
primary and one secondary turn. In the 
equivalent diagram, it.can be represented 
as shown in Figure 9 where Z; represents © 
the impedance of the transformer and Zp 
the secondary-burden impedance. De- 
pending on the value of Zz, a larger or 


VOLT-AMPERE OUTPUT 


a) 5 10 ‘5 20 5 
SECONDARY IMPEDANCE —OHMS ~ 

Figure 6. Variation in volt-ampere output 

with fixed primary currents, varying secondary 

impedance, and constant secondary-turn num- 


ber 


50 per cent power factor 
N=80 turns 
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150 
\ PRIMARY CURRENT, AMP. ° 


‘Figure 7. Impedance matching chart giving 
- maximum volt-ampere output and correspond- 
ing N2/Z for a given primary current 


~ smaller portion of the constant total cur- 


> 


a PW“ tee 626. 


rent I, is diverted through the secondary 
winding. Z, is equal to 1/¥; and is 


obtained from Y, by complex inversion, ' 
resulting in Figure 10. In case of a 
highly reactive burden Zz, a close ap- 


proximation is obtained by neglecting the 
resistancein Zrpand Zz. This simplifica- 
tion is similar to that previously made in 
the case of inphase addition of currents. 


It has been shown further that the sus- 


ceptance component B, of Y; is propor- 
_ tional to the eighth power of the secondary 
voltage for high flux densities, and pro- 
portional to E~®* for very low flux 
densities.1 

An example covering the high ‘ices 
density range will be computed in the 


following, the primary current being 
- assumed 500 amperes: 


With the trans- 


“f former open-circuited, the entire primary 


current is used to magnetize the Byes re- 
gaa in 


= Yi0En0 for IN" 


Reference to Figure 3 proPuces Vio 
-=514 mbhos, Ez 9=0.973 volt. These 
values can be established by a few trials. - 
_ ¥Y, for any secondary voltage E can 
therefore be expressed as 


« E 8 
4 i aC sa) 


' 


and 


Gey ke 
“TY; 640E8 


If we refer to Figure 9, the following 
relations exist: 


ae 


_ (600— ee =E 


Hence 
Iz=500—6402° 


and 
VA =I,E =500E—6402} 
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which derivative with regards to E is to be 


zero for maximum volt- -ampere output. 
This results in 


En= =0.754 volt 
6,400 


Hence 


J2=450 amperes 
_and the maximum output =339VA 


-D 
Figure 8. Graphical representation of rela- 
tions between primary, secondary, and excit- 
ing ampere turns, currents, and admittances 


Figure 9. Equivalent circuit for bushing-type 
current transformer 


This result checks closely with the values 
obtained in Figure 6. 


Relaying Circuits 


In many of the most common relaying 


circuits there is usually a large safety 


factor between the minimum amperes 
required to actuate the relay and the 
actual short-circuit current. In these 


cases little attention has to be paid to 
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- maximum volt-ampere output. ‘In sp = | 
cial cases, however, where the short-cir- 


C ground and phase-to-phase faults the © 


impedance esi in order: to ‘produce 


cuit current is low, where part of the 
secondary current of the transformer of 
the short-circuited phase is - by-passed | 

_ through idle transformers, and finally 
where impedances of relays are high or — 
vary within great limits, a correct match- 
ing of the impedances becomes important, — 
In previous example it has been shown 
how the combination of a single trans- | 
former with a relay can be ‘ae, to > te 


given se ancl one ora use of Figute’ i ; 
The method can be applied directly for * 
symmetrical three-phase short-circuit in 
conjunction with three-phase relays anal 
one ground relay in accordance with 
Figure lla. In case of single-phase-to-— 


method has to be modified because of the 
current by-passed in the idle transformers 
of the normal phases. For approxima-— 
tion calculations some simplifying as-_ 
sumptions can be made. The load cur-— 
rent in the two normal phases will be 
neglected, and, whenever permissible, in- 

phase addition of currents shall be ap-— 
plied. Small impedances also can be 

_ neglected when in series with large ones. 
Because of the nonlinearity of the circuits 
caused by the variation in the impedances _ 
in the by-passed transformer as indicated _ 
in Figure 10, the optimum performance q 
has to be determined by a step-by-step — 

, method. Since no general rules applying — J 
to all the numerous relaying circuits can 
be set up, the application of the methods 
shall be given in conjunction with a 
specific example. 

In the circuit shown 1 in | Figure 1 llaa 


0.02 004 006 

| OHMS 

Figure 10. Impedance-vector locus Z, for 
one turn as a function of volts perturn _ 


0.08 
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Figure 11. Relaying circuit and simplified 


representation | 


_ combination of ground relays has an im- 


pedance of 28 ohms (700 volt-amperes at 
five amperes) at 60 per cent power factor. 
The ground relays are actuated at 1.5 
amperes. 

The phase relays have an impedance of 
0.2 ohm (five volt-amperes at five am- 
_ peres) and 70 per cent power factor. A 
single-phase-to-ground fault is assumed in 
phase A. 

. The problem consists in determining: 


1. The minimum phase-to-ground current 


in phase A necessary to trip the ground 
relays. 


2. The corresponding optimum secondary- 
turn number JN of the current transformers. 


In order to calculate the current by- 
passed by the idle transformers B and C, 


the small impedance of the phase relays | 


can be neglected, and the circuit can be 
simplified according to Figure 11b. 


Since no rigorous solution is possible, the 


minimum primary current (which is 'just 


necessary to trip the ground relay) corre- 


sponding to several transformer ratios has 
to be determined, the results of which 
have been plotted in Figure 12. From 

these values the optimum turn number 
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MINIMUM PRIMARY CURRENT TO TRIP-GROUND RELAY, AMP 


40 60 80 Lee) 120 40 
SECONDARY TURN NUMBER 


Figure 12. Optimum number of turns for 
relaying circuit of Figure 11 


can be determined. As a first attempt . 


the 400/5 ratio is selected corresponding 
to 80 turns. As a first step the currents 
by-passed through the secondary circuits 
Band C have to be determined, The ad- 
mittance of the current transformers B 
and C can be obtained from Figure 3. If 
we refer to the simplified Figure 11c and 
recall that the ground relay trips at 1.5 
amperes, the corresponding volts per 
turn.are 42/80=0.525. The admittance 
Y; is 77 mhos for one single turn. For 80 
turns 


Zen a \ 
era grease mho 


The circuit can be simplified further by 
combining the impedance of the second- 
ary windings B and C with that of the 
ground relay. Since the power factors of 
relays and current transformers are not 
very different, the resultant admittance 
can be obtained by numerical addition. 
V=Vp+Vot Vietays =2X0.012+ 

3 0.0357 =0.0597 mho 


corresponding to a resulting impedance of 
16.8 ohms. The total secondary current 
necessary to drive 1.5 amperes through 
the circuit is therefore 


I,=42/16.8=2.50 amperes. — 


The problem now resolves itself to 
determine the primary current necessary 
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to produce 2.50 amperes across a second- 
ary burden of 16.8 ohms at 60 per cent 
power factor (see Figure 11d). This 
can be done by means of Figure 1. 


' 42 
The volts per turn are 20 =0.525 


N? 6,400 

Zn i658 eae 
AB 

R(1/1) =——=1.1 

« /1) 40 9 


Therefore © 


I, =95.3 X 2.50 =238 amperes 


If 80'turns are used, tripping can be 
accomplished for a relay current of 1.5 
amperes with a primary current of 238 
amperes. By repeating the calculations 
for other numbers of turns, a curve as 
shown in Figure 12 is obtained. From 
this figure it can be seen that the optimum 
performance occurs for V=90 turns. 


Conclusions 


A simple application chart from which 
the ratio correction factor can be deter- 
mined for any value of primary current, 
any number of secondary turns, and any ~ 
secondary burden of practical power fac- 
tor has been developed. 

The secondary volt-ampere output of a 
current transformer at a given primary 
current varies with the secondary-turn 
number and secondary burden. . In order 
to obtain maximum volt-amperes at a 
given primary current, matching of the 
secondary impedance and turns is re- 
quired. A volt-ampere-output applica- 
tion curve has been developed which is — 
readily applicable to numerous relaying 
problems. , 
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Synopsis: The trolley coach is one of the 
newer vehicles used in urban transportation. 
In 1948 trolley coaches carried 8.7 per cent 
_ of all passengers on the transit lines of all 
- United States cities having a population 
between 50,000 and 1,000,000, although trol- 
ley coaches are only 6.6 per cent of the 
vehicles. This paper points out the fea- 
tures of trolley-coach operation which fit it 


_ for a wide variety of service conditions. Re- 


‘sults of trolley-coach operation in increasing 
gross revenues are given. The various de- 
velopments which have contributed to low 
transportation expense are outlined. Com- 
parisons of trolley-coach, streetcar, and 


_ %motorbus operating expenses are included. 


Further progress in trolley-coach design, 


which can be expected to follow the war, 
_will enhance the trolley coach’s economic 


_. position. 


- 


INCE the introduction of the modern 
trolley coach in 1928, it has demon- 
strated in almost every installation its 
ability to increase revenues and to oper- 
ate at very low cost. The investment 
cost for trolley-coach service is low, and 


the quality of that service ranks very high 


compared to other transportation media. 
The vehicle itself and the materials used 
in the distribution system have been 


_ improved continually with resultant im- 


‘and taxicabs. 


provement in the. financial showing. 
_ Further progress is under way. 
As a result of the success of early in-— 


stallations, there are 3,500 trolley coaches 
in service in the United States and 
Canada. The number has been reached 


‘ in spite of the years of depression and 
war, both of which have retarded the 
growth. 


In the broad field of urban transporta- 
tion there is room for’ many types of 
public conveyances; rapid-transit trains, 
streetcars, trolley coaches, motorbusses, 
Rapid-transit elevated or 
subway service is limited to a few large 


cities, and taxicabs furnish a distinct - 


type of service at a much higher price; 


_ therefore both will be omitted from fur- 


ther discussion. But most transit com- 
panies, in cities of 100,000 population up, 


are faced with the possible use of the 


three remaining types of vehicles: In 


order to develop the most useful trans- 
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portation system for any city, it is neces- 
sary to answer the question, “Which 
vehicle or combination of vehicles will 
afford the best service to the public at a 
reasonable cost?” 

The problem is almost always compli- 
cated by the presence of some form of 
public transportation that is inadequate 
or otherwise unsuitable. 
streetcar system whose only excuse for 
existence was the hope of its promoter 
that he. might make an honest dollar. 


Sometimes it is a motorbus system which | 


grew from unemployment and easy 


credit in a community which now would — 


be better and more economically served 
by trolley coach or streetcar. 
Although the transportation engineer 


-cannot hope to find virgin territory where 


each type of vehicle can be fitted into its 
correct economic niche, the factors deter- 
mining the selection of the proper vehicle 
should be recognized. Once the right 
perspective is obtained, the economic 


chaos which characterizes too many of 


our activities can be avoided. Invest- 
ment, earning power, and cost of opera- 
tion are the three important factors in 
determining the correct apylication. ; 


Investment 


The first consideration is the initial 
cost of an installation. It can be as- 
sumed that for equal standards of con- 
venience and excellence shops, car houses, 
garages, and similar items will be about 
the same, 
vehicle. 
ments differ, and each form of vehicle 


_ requires a maintenance facility or practice 


peculiar to itself: such as tracks for the 


streetcar, double overhead wires for the 


trolley coach, and fueling provisions for 


the motorbus. Likewise some feature 
which keeps down the first cost may 
entail considerable differences in day-to- 
day expenditures for the several forms of 
vehicle. For example, 
storage in cold climates electric vehicles 
may require preheating in varying 
amounts proportional to their size, and 


motorbusses need engine idling to prevent 
freezing and insure starting in the morn- . 


ing. Such things must be evaluated in 
determining the initial investment for 
maintenance facilities. 

The modern streetcar has the highest 
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- motorbusses in common use; therefore 


-of higher schedule pee than the motor- 


Sometimesitisa ~ 


_-years. 


regardless of the type of | 
Of course, the detail arrange- - 


with outdoor 


+ vit ¥¢ Tt ae 


ranging nie ‘that as cee He 
pending on how far one wishes to depart 
from that level. The streetcar has ap- 
proximately 58 seats compared to 40 to 
44 for the largest trolley coaches and 


fewer streetcars are required to handle 
equal traffic. The trolley coach is capable 


ae 


quired for a given eaicaty of orvie 
Also the electrically Lakes? a 
have greater availability, 
fewer spares are necessary. 
The investment required for streetcar 
tracks is very high, $100,000 per mile of 
double track in paved street being a nor- 
mal figure. As a result there has been 
little completely new track built in many 
When new track is required on a — 
route, the advisability of replacing it or 
substituting some form of rubber-tired 
service must be studied. The trolley 
coach requires overhead lines which may 


~ cost from’ $7,000 to $20,000 per. route- 


mile (four wires) depending on the condi- 
tions and the degree of permanence de- 
sired. The routing of trolley-coach lines 
warrants the most serious study. Not 
only is it wise to analyze shifts in popula- 
tion and travel habits to forecast their — 
trends, but it is doubly desirable to lay | 


; 
j 


out routes with as few crossings and turn- 


outs as possible. Not only does com-— 
plicated overhead greatly increase the 
first cost, but it slows down operation and 4 
increases maintenance cost. ak 

However, first cost does not tell the — 
whole story. It is apparent that the 
operating expenses of streetcars must be 
very much lower than those of motor- 
busses to offset their greater fixed charges. — 
The fixed charges of the trolley coach ob- 
viously fall between the two, being 1 ma- 
terially less than those of the streetcar 
with its tracks, but still somewhat greater 
than those of the motorbus which uses no 
overhead. On the other hand, the operat- 
ing expense of the trolley coach is so low 
that there is a very wide field where its 
total annual costs are lower than those of 
either streetcar or motorbus.  _—~ 


\ 


Gross Revenue 


One of the features in which the trolley 
coach excels is its ability to attract and 
retain new patronage. The reasons for 
this passenger appeal are evident. The 
trolley coach is cushioned on rubber tires. 
It is not tied to rails like the streetcar, 
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, f as 
‘ ‘_ 


trucks. 


and therefore it is not subject to the 


annoying delays caused by broken-down 


or improperly parked automobiles and 
It loads at the curb. On the 
other hand it affords a higher type of 
transportation service than the motorbus. 


“Its light and heat are obtained from 


_ Coast city the number of passengers on | 


central-station power; hence, both are 
ample. Adequate ventilation is “pro- 
vided. The trolley coach is free from the 
odors of hot oil and exhaust gases. Its 
accelerating rate is high, but there are no 
jerks due to interruption of torque during 
gear shifting as on motorbusses. Electric 
and air braking combine to give maximum 


safety and reliability The trolley coach 
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Ten-year record of trolley coaches 
owned in the United States 


Figure 1. 


is the quietest public transportation 
vehicle. 

The result of these superior character- 
istics is increased patronage. In one West 


one route increased 15 per cent and on 
another 20 per cent when trolley coaches 
were substituted for streetcars. In an 
industrial city in Ohio where several 
lines were converted from motorbus and 


streetcar operation to trolley coaches, 


the revenue per vehicle-mile increased 20 


were converted to trolley-coach operation — 


per cent, and operating costs per vehicle- 
mile decreased 14 per cent. Gross reve- 


flue on one line in a large eastern city 


increased 47 per cent, although the sys- 
tem earnings during the same period de- 


creased, On another line in the same city _ 


the increase in gross revenue was 21 per 
cent. In one southern city a new trolley- 
coach installation had a gross revenue in- 
crease of 47 per cent compared to an 
increase of 10 per cent on representative 
rail lines. In one eastern city 18 rail lines 


over a ten-year period. In every case 
patronage and revenue were increased. 


Operating Expenses 


Not only are trolley coaches able to 
increase gross revenues, but they are 
very economical in operation. Trolley 
coaches have been built in sizes seating 
30 to 56 passengers, but most coaches 


have been of 40- to 44-passenger capacity. 
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‘wire adjacent to 


‘wire for metallic-shoe operation. 


» MILLION PASSENGERS 


The discussion of operating expenses will 
be limited to that size. i 


WAY AND STRUCTURES 


The maintenance of way and structures 
is now approximately 0.8 cent per coach- 
mile, compared to two to four times that 
amount per street-car-mile and 0.1 to 
0.3 cent per bus-mile. The principal 
expenditure is for overhead lines, and 


great progress has been made in line 


construction as well as in current col- 
lectors. In the line material all parts 
attached to span or guy wires such as 
frogs and crossings are substantial cast- 
ings to which are bolted renewable run- 
ners. These wearing parts can be re- 
newed easily and quickly without dis- 
turbing the original construction. High- 
speed rigid curve segments with con- 
tinuous wire underrun greatly reduce the 
complexity of the system of span and guy 
wires. These devices result in lower 
maintenance. 

Another source of maintenance ex- 
pense has been the gouging of the trolley 
“special work” by the 
collectors. Proper design of frogs and 
crossings to avoid tilting of the collector 
not only reduces wire maintenance but 
also permits operation at higher speed. 

The earlier trolley coaches used wheel 
trolleys similar to. those used on street- 
cars, except that swivel harps allowed the 
coach to operate at either side of the 
overhead wires within the range of the 
trolky poles. The wheel trolleys caused 
considerable arcing and resultant short 
life of wire. They were noisy, and even 
with high contact pressure dewirements 
were too frequent. Wheel trolleys were 
soon superseded by bronze or steel 
shoes which overcame some of the diffi- 
culties. It was necessary to lubricate the 
This 
was an expensive procedure, and excess 
lubricant was deposited on the coaches 
and the street. 

The success of carbon inserts in loco- 
motive pantograph trolleys led to experi- 
ments in the use of carbon insert shoes. 


A satisfactory renewable carbon insert 


1934. 


1936 1938 1940 


Figure2. Ten-year record of transit passengers 
carried by trolley coaches in the United States 
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shoe has now been developed and is used 
extensively. The low contact pressures, 
self-lubrication, and current-collecting 


characteristics of the carbon are resulting 
in great improvement in life of overhead _ 


construction. Asa result of these devices 
which are now available and probable 
future progress in design, material reduc- 


tions in operating costs may be antici- _ 


pated. 


MAINTENANCE OF EQUIPMENT 


Progress, which has been made in the 


vehicles themselves and the electric pro-_ 


pulsion equipment, has effected econo- 
mies in maintenance. The earlier 40- 
passenger coaches were propelled by two 
65-horsepower motors. These were suc- 
ceeded by a single 125-horsepower motor 


with a simplified control and with a 
double-reduction spur and bevel gear (or 


spur and hypoid) axle which proved to be 
superior in service to the worm-drive 
axles previously used. 

Early trolley coaches had two principal 


items of maintenance: current collection. 


and brakes. The former has been dis- 
cussed. In the early days brake drums 


and linings were the same as those used on 


motorbusses. The trolley coach operates 
at higher speeds, and as a result there are 
more brake applications per hour, and those 


applications are made at higher vehicle 


Also the braking effect of an 
Life of brake lining 


speeds. 
engine is absent. 


and brake drums was very short. The ~ 


single-motor axle provided more ade- 
quate braking equipment, but further 
improvement was desired. 


This requirement was met by the in- 


troduction in 1938 of 140-horsepower — 


motors with dynamic-braking control. A 
relatively small reduction in temperature 
of brake linings gives a relatively large 
increase in lining life. Standard practice 
is to provide an electric-braking rate of 
2.0 miles per hour per second, whereas the 
total service braking rate is 3.0 to 4.0. 


This reduction of duty on the mechanical — 
brakes has been sufficient to increase 


brake-lining life to five or six times the 
life obtained without electric braking. 
The life of the brake drums should be as 
long as the coach life. Reduced mechani- 
cal braking reduces tire temperature and 


thereby increases the life of the tires. 


More than 97 per cent of the trolley 


coaches purchased since 1938 are of the © 


electric-braking type. 

Trolley-coach maintenance in recent 
years has been approximately 2.70 cents 
per coach-mile, 0.90 cent of which is for 
tires and tubes. This amount should 
decrease as the mileage of modern vehicles 
expands. Modern streetcar maintenance 
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is 1.7 to 2.0 cents per mile. The main- 
tenance of motorbusses of comparable 
size averages 4.0 to 5.0 cents per mile. 


POWER 


The amount of power required for 
trolley coaches varies widely, depending 


_ on the conditions of operation. Greater 
weight, higher schedule speeds, hilly 


routes, and similar conditions increase 
energy consumption. The average energy 
‘consumption of 40-passenger trolley 


_ coaches according to recent American 
Transit Association data is 3.8 kilowatt- | 


hours direct current per coach-mile. A 
modern streetcar requires approximately 
5.4 kilowatt-hours per car-imile. The 


_ average cost of power is close to 1.0 cent 


per kilowatt-hour direct current. 
The average cost of fuel and lubricants 
for 40-passenger motorbusses under sitni- 


lar conditions is approximately 4.0 cents - 
per coach-mile, excluding gasoline tax 
which may be another 2.0 cents per coach- 


mile. Lubrication is a negligibly small 


item on trolley coaches but on motor-. 


busses it is ten per cent or more of the ae 
cost, 

The central-station industry hast a long 
record of decreasing the unit cost of 
power. Not only is the present power 


_ cost for the trolley coach favorable, but 
_ the prospects are that it actually will 


- decrease. 


TROLLEY COACHES. 


On the other hand, the future 
price of oil and gasoline is almost sure to 
increase. There is disagreement among 
the experts as to the adequacy of our 
supply of oil, even if we change our 
wasteful methods of use. One cannot 
expect any reduction in taxation of liquid 
fuels but should be eg for in- 
creases. 


ConDUCTING TRANSPORTATION 


The principal item in public trans-— 


portation expense is the wages of vehicle 
operators. At the present time wages per 
hour vary widely in different localities 
and among different types of vehicles. 


. However, the cost of wages per vehicle- | 
mile is inversely proportional to the 
schedule speed.. 


The practically un- 


POPULATION 


Figure 3. Distribution of trolley coaches 
population groups 
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hundreds of thousands of dollars. 


Table | 
A Trolley Street- Motor- 
Coach car bus 

Average seating capac- 

REY spa ereitetaes os mane ae 44... 52 +029 
Average passengers per Bu 

one-way trip.......,.+ 31.8 38.4... 17.9 
Passengers per vehicle- 

Ghia ag gone naan 80 80.5... 62 
Operating cost per ve- 

hicle-hour less adminis- / 

trative and supervi- 

sory expense, percent ..100 141 .- 107 
Operating cost per pas- 

.140 .,.138 


senger, percent.....:.. 100 


limited supply of power and the uninter- 
rupted acceleration of the trolley coach 
give it marked advantage. It is true 
that some abnormally high-powered mo- 
torbusses may equal trolley-coach sched- 
ules, especially on brief test runs. How- 
ever, in the same or identical service the 
trolley coach maintains schedule speeds 
10 to 15 per cent higher than the usual 
motorbus. The power of trolley-coach 
propulsion equipment does not deterio- 
rate with age and is practically inde- 
pendent of variations in air temperature 
and barometric pressure. Also the trolley 
coach is so easy to operate that driver 


fatigue does not reach the point where 


it affects schedule speeds. 

In the long run administrative and 
general expense should be essentially the 
same for a given system regardless of the 
type of vehicle. At the present time 
different systems of accounts, different 
conditions with respect to insurance, and 
other items cause wide variations. 


Future Prospects 


It is believed that the future of the 
trolley coach is particularly bright. 
New materials and new methods will 
result in lighter, more economical, and 
more attractive coaches. Also the motor 
bus has profited from the development 
of millions of private automobiles and 
tens of thousands of motorbusses. The 
modern streetcar is the result of an in- 
tensive development program costing 
While 
the trolley coach has taken advantage of 
developments in both fields, it has never 
received the amount of study which the 


‘others have, and relatively greater prog- 


ress may be expected in the future. 
Further progress in design of electric pro- 


pulsion equipment may be confidently 


expected. 


All electrical engineers are familiar with. 


the advantages of separate ventilation for 
the efficient cooling of electric apparatus, 
Clean dry air results in improved motor 
commutator and brush performance es- 
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ease of the trolley coach the motor 
stabilize the temperature of the air 


a large proportion of the motor losses 


operating costs in a city having trolley- 


under easier traffic conditions. 


‘ber 1, 


has been full of dust.and dirt. of 


is later blown over the resistors for : 
heating. In many installations of dy- 
namic-braking equipment, the resis 

losses during acceleration and preci ane 


with only a seat amount of spelen ‘al 
heat from the line. In the colder climat 


months, The fans designed for ven 
tion and pani at constant Satie re- 


ratige of motor as 
Table I shows an example of rela 


coach, streetcar, and motorbus service | 
under generally similar conditions, except 
that the trolley coaches and motorbusses — 
are modern. The streetcars are 20 years 
old. The motorbusses are of smaller ca- 
pacity than the trolley coaches and operate 
When | 
conditions permit, it is expected that — 
trolley-coach service will supersede the — 
streetcar service on all present carlines. 
Figure 1 shows the number of trolley — 
coaches owned in the United States by — 
years from 1934 to 1943. As of Decem-— 
1943, there were 3,502 trolley 
coaches. ares er 
Figure 2 shows the number of passen- 
gers carried by trolley coaches each year 
from 1934 to 1943. Trolley-coach pas- — 
sengers were 0.6 per cent of total transit 
passengers in 1934 and 5.3 per cent in ~ 
1948. In cities between 50,000 and 
1,000,000 population the trolley-coach 
passengers were 8. 7 per cent of the total 
in 1943. 
The number of trolley enaene owned — 
in cities of various population classifica-_ ; 
tions is shown in Figure 3. Cities between , 
100,000 and 1,000,000 have 76 per cent — 
of the total; those between 250,000 and 4 
500,000, 43 per cent. | 


Conclusion — 


Generalizations are frequently mis- | 
leading, because there is no substitute for — 
detailed analytical study of any problem. — 
However, a number of studies indicate 
that the proper economic field for the 
trolley coach is that where the interval — 
between vehicles during base hours is not — 
less than four or five minutes and not — 
longer than 15 to 20 minutes. It is 
realized that both of these limits vary 
widely under different conditions and 
that other considerations such as political | 
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Aircraft Fuses Must Protect 
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Synopsis: The ever-increasing list of elec- 
tric equipment needed for the satisfactory 
performance of the modern airplane has 
brought the electric system from a place of 
relative unimportance to one which cannot 
be ignored. The electric equipment must 
not fail, particularly on combat planes. 
Therefore, the protective devices must be 
designed and applied to permit the equip- 
ment to function as long as it can supply 
any useful work but to remove it from the 
circuit when it has ceased to function or 
has becomea hazard. This type of electrical 
protection is obtainable with fuses of special 
design when applied properly. 


HE evolution of the electric system in 

aircraft has paralleled the develop- 
ment of the airplane itself. The original 
six-volt d-c electric system was little more 
complicated than that employed in the 
automobile. As power requirements in- 
creased, the voltage was increased to 12, 
then to 27 volts, which was. considered 
adequate for several years. 
electrical demands have forced the volt- 
age still higher to 120 volts direct current 
in some installations, and now a 208-volt 
three-phase 400-cycle system has ceased 


Increased | 


to be merely a dream but will become a. 


reality in the not too distant future. 

_ Unfortunately, the transition from one 
system to the next has been so gradual 
that the whole problem of circuit and 
equipment protection has not been re- 
Viewed to see if a completely new or un- 


orthodox approach could effect better re- 


sults. The techniques of the six-volt sys- 


tem more or less have been transplanted - 


to the higher-voltage systems without re- 
evaluating them in the light of the re- 
quirements of the new system. Fortu- 
nately the 208-volt three-phase 400-cycle 
system will not permit such a transition, 
so that now is an ideal time to analyze 
what is available and what has been used 
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to obtain more complete ane protec- 
tion in aircraft. 


Fusing Requirements 


‘The fusing requirements in aircraft 


differ little from the results desired in in- 


dustry except that the requirements and 
demands of the former are much more 
stringent. To save weight the overload 
capacity of aircraft electric equipment 
is reduced to an absolute minimum, 
whereas in normal power applications 


extra weight is not so objectionable. 


Figure 1. 


fast-acting short-circuiting 


member 


rupter, and a 


Also, in aircraft the range of ambient 
temperatures to which a given installa- 


tion is subjected is much greater than. 


that found in normal power work. It is 
true that a power installation can be 
found where extremes in ambient tem- 
peratures may be experienced, but seldom, 


if ever, is one installation ever subjected 


to the range of —60 to +71 degrees centi- 
grade as found in aircraft. Useless or 


unnecessary operation of protective de-. 


vices in airplanes cannot be countenanced, 
particularly in military applications, 
whereas in most power applications ob- 
jectionable operation of the protective 
device is seldom little more than a nui- 
sance, hardly ever a catastrophe. Then 


the weight of the protection cannot be 


ignored in aircraft, thereby eliminating 
the use of many devices which have been 


‘proved satisfactory in industry. Hence, 


Time-delay fuse consisting of a 
heater, a thermally operable current inter- 


“usually iron. 


aircraft fusing can learn much from the 
techniques already employed in power 
work, but it must go further in accuracy 
to give the trouble free but complete pro- 
tection required. 

Electric fusing, whether it is applied to 
power work or aircraft, may be divided 
into two general categories: 


1. Fuses to protect electric equipment. 

2. Fuses to protect the circuit itself. 
Consider first the practice now employed 
in power work. Since aircraft electric 
system voltages will not exceed 208 volts, 


the discussion can be limited to secondary 
power fusing. 


Protection of Equipment 


Electric equipment, with the exclusion _ 


of instruments and similar devices having 


practically no overload capacity, consists 


of a current-conducting path, usually — 
insulation, either organic or — 


metallic; 

inorganic; and a heat-absorbing mass, 
The current-conducting 
path, insulation, 
so that, under steady-state conditions, 
the heat generated in one member will 
elevate the temperature of all three com- 
ponents. 
equipment is to convert electric energy to 
mechanical, thermal, or chemical energy, 
and its efficiency is never 100 per cent, 


there always will be some electric energy — 


converted to heat in the device so increas- 
ing its temperature. 
When the equipment is subjected to 


slight overloads which are continued for — 


appreciable times, failure will occur in the 
material which is damaged at the lowest 
temperature. Because there is time for 


“heat conduction, the temperatures of the 


component parts of the equipment are 
elevated by the heat generated in the cur- 


and heat-absorbing 
_ mass are usually in good thermal relation, 


"Since the purpose of the electric 


. 
4s 
__ 


rent-conducting path. This does not — 


mean that there is not a temperature 


= 


or financial affiliations sometimes dictate 
the course to be followed. 
In the great majority of cities where 
trolley coaches have been tried on a 
reasonably large scale, their numbers have 
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increased rapidly. Trolley coaches are. 
the backbone of Seattle’s transportation | 


system, 292 being in use. Milwaukee 
has 274 coaches, Providence 204, Boston 
162, Indianapolis 162, and Chicago 152. 
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All of these latter cities started with 
relatively small initial installations and 
expanded them as a result of the favor- 
able economic results. All of them 
contemplate further installations. 
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gradient in the device, but it does mean - 


that this gradient remains unchanged if 


the load is maintained long enough to ap-* 


proach a stable condition. The point or 


- temperature of failure, of course, is de- 


pendent upon the individual characteris- 
tics of the component parts of the device, 
but, once the various materials have been 
chosen, this point is established irrevo- 
cably. The overload may be the results 
of the malfunctioning of the electric 
equipment itself or may be due to a 
greater connected load than was antici- 


_ pated in the design, but, in either case; 


the result is the same. 


temperature failure even though it is 


caused by heat produced by electric 
energy. Hence, the condition is aggra- 
vated when operating in high ambient 
temperatures and alleviated in the lower 
ambient temperatures. 


‘If the overload is increased, the Siueth 


of time the equipment can withstand it is 


shortened, but, again, the mechanics of 


the failure is the elevation of the tempera- 


tures of the various component parts in 
their relative proportions until one fails. 
This process continues as the overloads 
are increased, the safe time steadily de- 


creasing, but always dependent upon the 
thermal capacity of the whole device and 
influenced by the ambient conditions to 
which it is subjected. However, at some 
overload the heat generated in the cur- 


rent-conducting path will be so great that 


it will fuse before there is time to conduct 


some of the heat away from it to those 
components injured at a lower tempera- 
ture. This type failure may be consid- 
ered to be free from ambient effects, be- 
cause the variation in ambient tempera- 


ture, though theoretically affecting the 


failure in that less heat would be needed 


to cause failure at the higher ambient 


temperature, is so small a percentage 
that, for all practical purposes, its effect 
may be regarded as negligible. To illus- 


- trate the general theory, consider an elec- 


tric motor. The current-conducting path 
is the copper wire; the insulation is 


enamel, rubber, glass, silk, or cotton used - 


on the field windings; the heat-absorbing 


* mass is the frame and rotor. On the lower 


overloads failure results from the insula- 
tion on the windings being destroyed, 
whereas on the higher overloads the cop- 
per in the winding itself actually fuses. 

From this it is seen that the curve of 
the overload capacity or safe-operating 
characteristic of an electric device con- 
tains a point of inflection, because it is 


the combination of two curves having 


different slopes. The time-current curve 
of the copper is steep, whereas the curve 


- 
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In the final analy- - 
sis this type failure may be regarded as a 


4 ee pea ee - 7 
in that region in which there is time for 
‘thermal conduction has a more gradual 
slope and is affected by ambient tempera- 
tures. A protective device, to give com- 
plete protection over the entire range 
without useless blows, must have the 
same characteristic. This characteristic 
cannot be produced by a single-element 
device, whether it be a fuse, circuit 
breaker, or thermal cutout. 
to the problem is found in the time-delay 
fuse shown in Figure 1 time—current curve 


One answer | 


of which is shown in Figure 2. This de- 


vice consists of a thermally operable cur- 
rent-interrupting device in series with a 
fast-operating short-circuiting member. 
Current flowing through the fuse gener- 
*ates heat in the heater as well as in the 
short-circuit strip. At the lower over- 
loads most of the heat is supplied by the 
heater, but, as the overload is increased, 
the effect of the short-circuiting strip be- 
comes more pronounced until finally, on 
the very high overloads where there is no 
time for thermal conduction, the fast-act- 
ing short-circuiting strip fuses before the 
thermally operable current interrupter 
canfunction. The time delay or time lag 


is obtained on the low overloads, because - 


the heat generated in the heater must be 
conducted into the center member, called 
the absorber, and must elevate its tem- 
perature to the melting point of the fu- 
sible alloy holding the trigger before it can 
operate opening the circuit. The charac- 
teristics of this device are adjusted to ap- 
proach the safe-operating characteristics 
of power electric devices, so that, if its 
rating is chosen correctly, complete elec- 
trical protection without useless blows is 
obtained. The melting point of the fu- 


_ cause the rating of the protective de 


. do not blow under starting or tran 


but, at the same time, effects a very de- 


sible alloy is chosen, so that the effect of | 


ambient temperatures on the fuse is the 
same as on the electric device it is pro- 
tecting. The time-delay fuse gives won- 
derful flexibility in design, because the 
heat-generating member, the fusible alloy, 
the mass of the absorber, and the charac- 
teristics of the short-circuiting strip can 
be adjusted independently giving any 
characteristic desired. _ 

The United States Army Air Gotpe ap- 
preciated the potentialities of this type 


_fuse and built their specification 94-32084 | 


around it. Since, at the time the specifi- 
cation was written the highest system 
‘voltage in use was 27 volts, the short- 
circuiting characteristics were not speci- 
fied. The specification covers the lower 
end of the curve by requiring the fuse to 
catry 110 per cent load indefinitely and 
*to open at 125 per cent load within one 
hour and at 200 per cent.load between 90 
seconds and eight minutes. The omis- 
sion of the unnecessary short-circuit re- 
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quirements in the 94- 32084 
permitted a desirable saving in 
weight. é 

The fuse combining a fusible ales 
with a thermally operable current 
rupter is often condemned and precluc 
from aircraft applications, because i 
felt that the increased protection 
tained only by increasing the 
which cannot be justified. Actually 
use of such a fuse decreases instead of 
creases the weight of the protecti 
vice. This seeming anomaly is true 


can be decreased when time lag is b 
into it. To illustrate, consider a tl 
phase ten-horsepower 220-volt m 
connected in series with ordinary fus 
Even though the full-load current of » 
motor is 27 amperes, 90-ampere fuses are 
used in the circuit to assure that the fu 


conditions. Such a device only can fur- 
nish protection to the motor above 90 
amperes. The fuse itself, neglecting t 
fuse block in which it is mounted, weighs” 
121 grams. If, instead of the conven- 
tional fuse, a fuse having a therma ‘a 
operable cireuit interrupter as well as 
short-circuiting strip is used, the ratit 
this device can be reduced to 30 amperes, 
and still it has sufficient time lag to with- 
stand starting and transient curr : 
With such a device the motor is protected 
over its entire range of overloads and | 
short circuits by a device weighing only 
20 grams. Therefore, the change from a.’ i 
conventional fuse to a time-delay fuse not 
only improves the protection obtained 


sirable saving in weight, the time-d 
device weighing only one-sixth that o 
conventional fuse. If the blocks i in which 
‘the fuses are mounted also are considered, 
the saving in weight is even more prod 
nounced. : 


‘The counterparts of ie commercia 
power fuses which have time lag and are” 
of conventional design are found in the 
Air Corps specification 94-32084 and 
32084-B. Specification 32084-B did no 
require the fuse to have any inherent 
lag, its characteristic being compa’ 
to a power fuse of conventional de 
As abeeay mentioned, ae 2 


member. A 100-ampere 32084-B f 
needed for a 27-ampere motor weighs 
71 grams, whereas a 30-ampere fuse made 
in accordance with specification 94-3 
giving complete protection to a 27-amp re 
motor, weighs only 22 grams. ‘Therefore, 

apa to the general conception, com- 
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plete protection is effected with a saving 
_ in weight instead of increasing the weight 


of the fuse, even though ampere for am-— 


pere the time-delay fuse weighs more. 

As the ceiling of aircraft has been 
pushed steadily upward, the ambient- 
temperature range to which it is exposed 
has increased until now —60 to +71 de- 
grees centigrade is not unreasonable to 
expect. Since the usual procedure is to 
mount the electrical protective devices in 
a central location, the equipment seldom 
would be exposed tothe same ambient tem- 
perature as its protective device. Such 
a central or grouped mounting is neces- 
sary when circuit breakers combining a 
switch with electrical protection are used 
but is unnecessary when the switching 
operation is divorced from the protector 
as is possible with fuses. Then the fuse 
can be mounted wherever convenient, 


and, if the type and size fuse is chosen in-. 


telligently, the ease of replacement need 
not be a factor. The fuse only will oper- 
ate when there is a case of trouble and the 


electric equipment it is protecting already _ 


has been operated to its thermal or elec- 
trical breaking point, so that replacement 
before clearing the trouble accomplishes 
nothing. ’ ai 

The extreme ambient requirements im- 
‘posed upon all the airplane electric equip- 
ment have been appreciated, but no 
reasonable solution is possible so long as 
the electrical protective devices are sub- 
jected to ambient temperatures different 
from those to which the electric equip- 


ment itself is exposed. Since the normal | 


grouping now employed in aircraft pre- 
cludes the possibility of the equipment 
and protective-device ambient tempera- 
tures being the same, the effect is alle- 
_viated partially by making the electrical 
protective device irresponsive to ambient 
temperatures and then building enough 
overload capacity in the electric equip- 
ment so that it will function satisfactorily 
at the higher ambient temperature. Since 
the capacity of most electric equipment 
decreases with increasing temperature, 
it is overfused at the lower ambient tem- 
peratures and underfused at the higher 
ones, because the protective device is 
designed to operate purely on current, 
not ambient temperature. The net result 
is that accurate fusing is impossible as 


long as the protective device is not respon- - 


sive to temperature in the same manner as 
the equipment it is protecting and as long 
as the time-current curve is not identical 
over the entire range of currents which 
flow through the equipment. | 
The time-delay fuse already described 
can be biased to give the same response 
to ambient conditions as the electric 
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equipment it is protecting by choosing the 
operating point of its thermal interrupter 
properly. Since the operation of the 
thermal interrupter in the fuse is depend- 
ent on temperature resulting from the 
heat generated in the heater of the fuse as 
well as on the ambient temperature, the 
bias needed to compensate for any given 


range of ambient temperatures can be ob- 


tained by the choice of the operating point 


SECONDS 


IN 


| ert 


TIME 


PER CENT LOAD 


Figure 2. Time-current characteristic of the 
time-delay fuse shown in Figure 1 


of the thermal interrupter. An even 
closer thermal relationship between the 
electric equipment and its protector is 
accomplished in power applications by 


mounting the time-delay fuse on the. 


equipment itself in good thermal relation 
to the hot spot. This thermal relation is 
obtained by a metal pin which extends 
into the equipment from one terminal of 
the protective device. To improve the 
flexibility of the design, two points are 
provided which are responsive to thermal 
energy. The first, located between one 


terminal and the heat coil (see Figure 3), 


operates almost entirely from the heat 
supplied it by thermal conduction from 
the hot spot of the device being protected. 


_ The second thermal interrupter,. located 


between the heat coil and the short-cir- 
cuiting strip, is biased very slightly by 
the heat conducted to it from the hot spot, 
through the heat coil. In most cases the 
temperature of the heat coil is above that 
of the terminal, so that heat conduction 
from the terminal to the second inter- 
rupter through the coil is impossible, but 
the biasing effect of the thermal conduc- 
tion from the hot spot is realized in that 
the terminal temperature is elevated by 
it, so reducing the temperature gradient 
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from the thermal center of the coil to the 
terminal and therefore reducing the heat 
conduction, ttereby forcing more of the 


heat generated in the coil to flow into the 
second thermal interrupter. The opera-— 


tion of the thermal interrupter between 
_ the heat coil and the short-circuiting strip 
is due primarily to the heat generated in 
the heat coil and is a function of the cur- 
rent flowing through it. Since the heat 


must be conducted from the coil to the 


interrupter, a time lag is obtained which 
can be varied by varying the mass of the 
thermal interrupter or by varying the 
length of the thermal path through the 
heat coil. The short-circuiting strip, of 
course, is designed to be fast acting, but 
its rating is so chosen that it does not 


function until the higher overloads, ap- ; 


proaching short-circuit conditions, are 
realized. $e 
Such a protective device has proved its 


worth in industry. The flexibility of its” 
design permits the time-current curve to 
be made the same shape as that of the 


equipment it is protecting, so that com- 


plete protection is furnished over the en- — 


tire operating range of the equipment 
under any ambient conditions. It will 
operate, protecting the equipment, when- 
ever the temperature of the hot spot ex- 
ceeds a safe predetermined temperature. 
Again the only answer to the objection 
that the protective device is unsuited for 
aircraft applications, because it often 
must be mounted in an inaccessible place 
which cannot be reached in flight, is that 
such a protective device eliminates the 


» 


guesswork in fusing so that the protec- — 


tive device only will function when the 
equipment is worthless. The continued 
use of the equipment under such condi- 
tions only will disturb the electric system 
if not injure it without producing any use- 
ful work. If the equipment itself is acces- 
sible enough to be repaired in flight, then, 
obviously, the protective device also is 
replaceable, so that, in either case, the 
positive reliable performance of a properly 


_ Figure 3. Time-delay fuse consisting of three 


interrupters in series 


Point 1 is responsive to the heat conducted to 

it from the device being protected; point 2 

is responsive to the heat conducted to it 

from the heat coil; and point 3 is a fast-acting 

short-circuiting member functioning at high 
* overloads 
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designed and properly selected protective | 


device cannot be criticized. 

Such a time-delay fuse never has been 
adapted to aircraft applications, but it 
could be made quite attractive from a 
weight angle, because the present com- 


mercial model, in which weight has not 


been given any special consideration, 
weighs only 23 grams for a ten-ampere 
rating, whereas a 94-32084 fuse of the 
same rating weighs 18 grams. Hence, a 
few minor design changes probably could 


_ reduce the weight to a figure quite com- 


parable with that of the 94-32084 fuses 


which have proved quite satisfactory. 
; Circuit Protection 


The problem of circuit protection as | 
distinct from the protection of electric 


equipment is being attacked from two 
angles, both of which have their advan- 
tages and limitations. 
termed circuit isolation, its principal 


_ function being to isolate heavy faults and 


remove the load from the system to pre- 
vent the overloading of the generators 


_ supplying it. The second may be termed 


circuit protection in that the protective 


_ device is chosen so that it will function as 


a result of damaging overloads as well as 


faults, to remove the excessive load from 
the system. In either type of circuit pro- 
_ tection, fuse co ordination, both with the 


branch circuit fuses and the equipment 


fuses, must be considered to prevent cas- 
_cading and the blowing of fuses which 


will de-energize more than the absolute 


_ minimum of equipment under fault con- 


ditions. Fortunately, on the 27-volt sys- 
tems the co-ordination problem was quite 


simple, because a transmission system — 
of the simplest sort was employed, and _ 


the number of points at which cascading 


- could occur was few if any. Because of 


this, fuse co-ordination was accomplished 
by increasing the rating of the feeder 


_ fuses inordinately to prevent them blow- 


_ ing under fault conditions in any of the 


branch circuits. This practice led to the 
use of limiters instead of fuses in these 
overfused applications. Since the rating 
of the fuse was chosen so great that under 


_ low overload conditions the wire would be 


destroyed before the fuse functioned, 
nothing could be gained by using a fuse. 


Limiters differ from fuses’in that the 
fusing current of a limiter is great com- 
pared to the safe carrying current, 
whereas in a fuse the difference between 
the carrying current and the opening cur- 
rent is small. Since the limiter link usu- 


ally is made of, copper, silver, or other 


high-melting materials, there is a range 
of currents between the safe carrying 
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The first may be. 


- will assume 


current and the fusing current which, if © 


continued long enough, will destroy the 


device itself as well as equipment in good » 


thermal relation to it. The fuse, on the 
other hand, will carry or blow, depending 
upon the current, without ever reaching 
a damaging temperature. -Hence, the 
current limiter can be compared to the 
fast-acting short-circuiting strip which 
is combined with the thermal interrupter 
in the time-lag fuses already described. 
The aircraft limiters are an adaptation of 
those devices used in power work which — 


‘originally were little more than a cable 


lug with a reduced section. Their func- 


- tion in underground work was to assure 


that, in case of trouble, the blow would 
occur in the manhole where the limiters 


‘are mounted instead of in the duct run, 


thereby simplifying the clearing of trouble 
and the restoration of service. This fea- 


ture of the limiter is of no great value in ~ 


aircraft where the conduit runs are short 


_and particularly in military applications 


in which open wiring is employed almost 
universally. i 
Since the limiter will destroy itself on 
slight overloads because of the high melt- 
ing point of its link material, it is satis- 
factory only in clearing short-circuit or 
high fault currents. Its extremely low 
time lag gives a wider separation of blow- 
ing times between limiters of different 
ratings at the same current, so that co- 
ordination is relatively simple. There- 
fore, limiters permit the isolation of 
faults producing high fault currents, but 
on low currents they are worse than no 
protection at all, because they in them- 


selves produce a fire hazard and destroy | 


equipment associated with them. 

The fault currents resulting in an elec- 
tric system are dependent not only on the 
impedance of the fault but also on the 
capacity of the generating equipment, 
Of course, the higher the voltage, all other 
conditions being equal, the greater will be 
these currents. Hence, on the 27-volt 
systems the fault currents may be ex- 


pected to be relatively small, whereas. 


those encountered in the 208-volt systems 
reasonable proportions. 
However, the impedance at 400 cycles 
will reduce these currents, so that it is 
not at all unreasonable to assume that 
low fault currents can be obtained in air- 


craft. As long as these currents are not 


great enough to injure the wire insulation, 
there is no reason for them to be cleared 
instantly, particularly if the isolation of 
the fault will, at the same time, isolate 
equipment which is functioning properly. 
Instead, it would be better to permit the 


fault to persist until the completion of the 


mission and then be cleared when the air- 
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plane had returned to its bas 
the wire sizes in aircraft are 
a voltage-drop _ standpoint inst 
thermal one, so that low fault curre 

will produce no damage to the dis 
tion system and will affect the equip 
only in that the voltage at its terr 


voltage drop in the line. If this d 
sufficient to cause the equipment to 
heat, it will be protected by its own 


great that hd saunas wpe of 
wire itself is insufficient to withstand #1 
heat generated in it, the fault must 1 
isolated if complete protection is to be 
realized. ‘4 

To obtain. complete protection of the 
electric distribution system, the proble 
again reverts to a consideration of the 
combined thermal capacity of the insula- 
tion and copper of the conductors. Aga: in 
the protective device’s time—current char- 
acteristic must be identical with that of 
the conductor to give complete protec 
under all conditions of load. Since t 
thermal capacity of the conductor 
than that of most electric equipment 
time lag of the circuit protective rit 
need not be so great as that of the equip- 
ment protection. This problem was ap- 
preciated by the United States Army Air 
Corps and was covered by specifi 
94-32272. The time lag required in 
most recent issue of this specification 
‘minimum of 40 seconds as compare 
90 seconds in the 94-32084 specifica’ 
covering protective devices for ele 
equipment. 


The effect of denbient temperature 
the carrying capacity of the wires i 
‘important as its effect on the capa 
electric equipment, so that again a 
tective device responsive to ambient ‘ 
peratures in the same proportion as 
wires and mounted in the same am 
temperature is needed. This is n 
unreasonable as it appears on th 
because the use of glass insulatio: on t 
wires permits a relatively high safe-oy 
ating temperature, so that the effect 
the ambient temperature on the protec 
tive device need not be too pronounced 
Also, the grouping of sectionalizing fuse 
in a common central cabinet which ma’ 


different from those of the wire is unrea- 
sonable, both from a safety angle in mili 
tary aircraft and from a functional ang 
Grouping the devices together necessi- 
tates the use of additional wire which, in 
turn, should require additional sectional- 
izing fuses for complete fault be haat 
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Therefore, the circuit fuses can be 
mounted in’ approximately the same am- 
bient temperature as the circuit wires 
and, though not so responsive to ambient 
temperature as the equipment protec- 
tion, still should respond in the same 
manner as the circuit conductor. _ 

By using a time-lag fuse of the design 
shown in Figure 1 but with the absorber 
mass decreased and the thermally oper- 
able current interrupter biased to be less 
responsive to ambient conditions than 
the equipment protective device, a saving 
in weight is accomplished, and a circuit 
protective device is obtained which will 
co-ordinate beautifully with the equip- 
ment protector. Since both the equip- 
ment and the circuit protectors have. fast- 
acting short-circuiting members, excellent 
co-ordination is obtained at the higher 
overloads with complete protection to 
equipment and circuit under every con- 
ceivable condition of overload and am- 
bient temperature. Thus, by adapting an 
atrangement already proved in power 
applications, aircraft can avoid many 
headaches, if not catastrophes, as its 
power system grows from that of an 
automobile to that of a power network. 
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Power Converter 
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Synopsis: The electronic power converter, 
controlled by the equipment described in 
this paper, consists of two units rated 
10,000 kw installed and operating at the 
Edgar Thomson Works of the Carnegie- 
Illinois Steel Corporation. The power 
converters connect a 60-cycle 69-kv system 


-and a 25-cycle 44-kv system with a per- 


missible power transfer of 20,000 kw in 
either direction between the systems. 
Transfer of power by rectification and 
inversion and the design of the electronic 
power converter are discussed in companion 
papers.12 The switchgear and control 


devices are discussed in this paper and for 


convenience and clarity, the discussion is 
divided into three main headings: “Switch- 
ing,” ‘‘Control,”’ and “Protection.” 


O the switchgear designer whose point 

of view is influenced so largely by the 
needs of the ‘‘man who operates and 
maintains,” the electronic power con- 
verter presents some new and interesting 
opportunities. The ease with which the 
converter is switched in 0 and out of 
service and its output is controlled 
presents the opportunity of providing 
simple and at the same time versatile 
controls by means of which the operator 
can make the fullest use of the converter, 
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in meeting the varying demands of his 
system. Protective relaying of the elec- 
tronic converter against system dis- 
turbances is simple since the rectifier 
furnishes no power to its system and the 
output of the inverter is limited. 


Switching 

An-examination of Figure 1 will reveal 
that the switching of the main power 
circuits of the electronic power converter 
is of the simplest possible nature. The 


unit is switched into service merely’ by 
closing power circuit breakers connecting 


the transformers to the two systems, 
Aside from having the auxiliary and 


ignition bus energized by closing the 


auxiliary and ignition transformer switch 
and circuit breaker, the only prerequisite 
to putting the unit into service is that 
the ignition-control-system networks for 
both frequencies must be in the inverter 
position. Auxiliary switches on the 
circuit breakers and position switches on 
the power-control device provide circuits 


for establishing this condition whenever | 


the circuit breakers are tripped, and 
simple interlocking in the circuit-breaker 
control circuits insures it. Therefore, the 
sequence of closing the breakers is of no 
Consequence, and either breaker may be 
closed first, regardless of the intended 
direction of power flow. For convenience 
and simplicity of protective-relay cir- 
cuits, both breakers are tripped simul- 
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taneously at all times. Circuit-breaker 

- operation is the only switching operation’ 
required under normal operating condi- 
tions. By sce 

The only switching bean in the 
circuits between the ignitron tubes and 
the transformers is that required for 
safety to personnel who may have occa- 
sion to work on equipment in the tube 
assembly enclosure. For this purpose, 
enclosed group-operated disconnecting 

switches are provided, suitably key- 
interlocked with tube-enclosure doors 
and high-voltage power circuit breakers 
to insure safety and to prevent operation 
of the switches under load. 

Since the flow of power in the dec -C 
portion of the circuit is under complete 
control of the grids of the rectifier and 
inverter tubes, there is no necessity for 
any switching apparatus in the d-c 
circuit. 

Switching of the auxiliary and ignition 


transformers to the high-voltage lines is 


accomplished by horn-gap disconnecting 
switches suitable for interrupting magne- 
tizing current of the transformers. These 
switches are suitably key-interlocked with 
the transformer secondary air circuit 
breakers to prevent their operation under 
load. The transformers are protected 
by suitable current-limiting fuses. 

The 460-volt secondary windings of the 

' 
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~ auxiliary bus: 


POSITION OF INDUCTION VOLTAGE REGULATOR 


auxiliary and ignition transformers are 


connected to their respective loads by 
means of manually operated air circuit 
breakers. The transformers have suffi- 
cient capacity to carry the auxiliary and 
ignition load of both units. 


circuit breaker for energizing both unit 
auxiliary busses from one transformer 
in case the other is out of service for any 
reason. 

Each power converter requires the 


following general auxiliary devices, which 


for the sake of utilizing standard appara- 
tus are energized from the 60- vee 


‘ 


Driving motor for main control Amplidyne 


" generators. 


Cooling-water circulating-pump motors. 
Water heaters. 

The phase-shifting networks which 
supply the ignition equipment for the 
60- and 25-cycle tube assemblies are 


energized from the 60- and 25-cycle 


auxiliary busses, respectively, through 
selector contactors which determine 
whether the tube assembly is to operate 
as a rectifier or inverter. 
Similarly, excitation transformers, sup- 
plying dry-plate rectifiers for the excita- 
tion of the main control’ Amplidynes, 
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, auxiliary circuits are shown in Figure 2 


Provision is ~ 
‘made therefore by means of a tie air 


‘converter is controlled. The operate 


The switching devices in tase vario 


Control 


has been completed as previously 
scribed, the power converter is read 
for control of direction and magnitt 
of power flow. The explanation und 
this heading will cover the means k 
which the power flow through the powe 


has a choice of three types of contro 
manual control by control switch, ¢ 
either of two types of regulator control 
watt regulator or load regulator. Th 
paragraphs which follow first. deal wit 
the devices common to all three types « 
control, and then the three types of cor 


trol are individually briefly explained. 


The direction of power flow through | 
power converter is determined by th 
connections of the phase- -shifting ignitio 
networks. to the auxiliary and ignitio 
bus as discussed in a companion pape 
These connections are made by contactot 
I or R of Figure 2; when the J contacts 
is closed, the phase-shifting’ ignitio 
network causes the tubes connected t 
that network to operate as inverter! 
when the R contactor is closed, the phase 
shifting ignition network causes th 
tubes connected to that network 1 
operate as rectifiers. Therefore, fe 
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sample, to have power flow through the 


onverter from the 60-cycle system to the 


5-cycle system, the R contactor of the 
Q-cycle network is closed and the J 
ontactor of the 25-cycle network is 
losed. The J and R contactors therefore 
re the direct means by which direction 
f power flow is established. The control 
f those contactors is described in the 
jllowing paragraphs. 

The magnitude of power flow through 
_ power converter is determined by the 
nagnitude of the reference voltage used 
a the field circuits of the control Ampli- 


ne associated with the firing circuits, 


s discussed in a companion, paper.? 
‘he reference voltage is obtained from 
n induction voltage regulator, and ‘the 
magnitude of that voltage is determined 
yy the induction regulator’s rotor posi- 
ion. Control of the rotation of the 


aduction-regulator rotor therefore is the - 


lirect means by which the power-con- 
erter load is controlled. , 

The power-control device is shown in 
‘igure 3. The rotor of the induction 
egulator, the Selsyn transmitter, and 
he cam-operated position switches are 
mi a common shaft; the shaft is driven 
hrough a high-ratio gear box to give 
mooth vernier control of shaft position. 
Sontacts of the cam-operated position 


witch control the J and R contactors © 


of Figure 2). For the position of the 
nduction regulator corresponding to 90 


legrees retard excitation and (zero power 


low) for rectifiers, as discussed in a 
‘companion paper,? the contacts of the 
am-operated position switch -eatse the 
contactors of both the 25-cycle and 60- 
ycle networks to be closed, and all tubes 
yf the power converter operate as invert- 
ts. As the induction-regulator rotor 
s moved away from this position of 
ero power flow, by means of contacts 
f the cam-operated position ‘switches, 


he I contactor of one of the networks is . 


pened and the R contactor is closed, 
naking the power converter capable of 
ower transfer; for one direction of 
otation of the induction-regulator rotor 
rom its zero power flow position the R 
ontactor of the 25-cycle network is 
losed, and for the other direction of 
otation the R contactor of the 60-cycle 
letwork is closed. Also, as the induction- 
egulator rotor is rotated in either direc- 
ion from the zero-power-flow position, 
ts output voltage magnitude is varied 
0 give smooth increase from zero to 
naximum power flow as discussed in a 
ompanion paper.2 The power flow 
hrough the power converter for different 
ositions of the induction-regulator rotor 
3 illustrated in Figure 3 (below the in- 
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duction voltage regulator); this illustra- 
tion represents 360 mechanical degrees 
of rotation of the rotor. It is at points 
A and C that the R contactor of the 60- 
cycle or 25-cycle network, respectively, 
closes and remains closed over the travel 
represented by the cross-hatched areas 
in the illustration. Rotor rotation from 
A to B or from C to D represents gradual 
smooth increase in power flow from zero 
to maximum for either direction of power 
flow as marked. Two contacts of the 
cam-operated position switch act as 
limit switches and prevent travel of the 
induction-regulator rotor beyond points 
Band D. Indication of the position of 
the induction regulator is obtained on 
the control board from the Selsyn re- 
ceiver shown in Figure 3. 


Driving power for the shaft driving 
the induction regulator, Selsyn, and cam- 
operated position switches is obtained 
from a d-c motor whose armature is 
energized by an Amplidyne generator. 
The use of a generator rather than a 
constant potential d-c source to energize 
the d-c motor has the advantages of: 


1. Reversible rotation of the d-c motor 
without the use of reversing contactors. 


2. Easy adjustment of d-c-motor armature 
voltage magnitudes. 


3. Easy adoption of control circuits. 


4, Inherent dynamic braking. 


The Amplidyne is used instead of a 
conventional d-c generator, because its 
low excitation requirements permit the 
use of relay and control-switch contacts 
directly in its field circuit; the control 
fields of the Amplidynes used require 
only 0.1 ampere for 300-volt output; 
also these control fields have a resistance 
of only 218 ohms which permits the use 
of low control voltages. 

The Amplidyne has three fields, two 


‘control fields designated as F1-F2 and 


F3-F4 and one field designated as 
F7-F8 used for antihunt and residual 
voltage killing. To produce rotation 
of the d-c motor, voltage is applied to 
one of the Amplidyne control ' fields. 
Either direction of rotation is obtained 


-as desired, since the control circuits 


apply a voltage of either polarity to a 
given field terminal. Separate ‘“‘raise”’ 
and “‘lower’’ speed adjustments are pro- 
vided, since operating engineers may 
find it desirable to’ decrease the load 
setting at a faster rate than the load 
setting is increased, or vice versa. A 
fault-blocking contact in the control- 
field circuits opens during arc-backs or 
other faults within the power converter; 
this prevents change in the setting of the 
induction voltage regulator during such 
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faults while the fault-recovery equipment 
is functioning. 

As stated in the section on switching, 
the main circuit breakers can be closed 
only if excitation power is available and 
if both the 25-cycle and 60-cycle portions 
of the converter are operating as in- 
verters. To insure that excitation is 
present, an undervoltage relay is con- 
nected to the auxiliary and ignition bus 
(Figure 1), and its contact permits the 
breakers to close only when proper 
voltage is present. Contacts of the cam- 
operated position switch (Figure 3) 
prevent closing of the breakers except 
when the induction voltage regulator, is 
in its zero-power-flow position where all 
tubes operate as inverters. If the circuit 
breakers are tripped while the converter 
is carrying load, the induction regulator 
automatically is returned to its zero- 
power-flow position. s 

Manual control of power flow is by 
means of a simple double-throw momen- 
tary-contact control switch. Amplidyne 
field F3-F4 is used for manual control, 
one position of the control switch con- 
necting terminal F3 to positive potential, 
and the other position of the switch 
connecting terminal F3 to negative po- 
tential (control potential is 24 volts 
direct current). An operator, therefore, 
merely turns this control switch in the 
position to give the desired direction of 
power flow, and the switch is held in 
that position until power flow has in- 
creased to the desired magnitude as 
indicated by a wattmeter on the control 
board. 


The watt regulator is a device for regu- 
lating automatically the power flow 
through the power converter. The power 
elements of the device are connected: to 
the current transformers and potential 
transformers in the power circuit of the 
power converter (Figure 1); the potential 
elements are correctly connected to the 
potential transformers for either direction 
of power flow by means of contacts of the 
position switches. The watt regulator 


thas two sets of contacts; one set of 


contacts is closed when the power-con- 
verter power flow is greater than the 
regulator calibration, and the other set 
of contacts is closed when the converter 
power flow is less than the regulator 
calibration; both sets of contacts are 
open when the converter power flow is 
equal to or within approximately +2 
per cent of the regulator calibration. 
Calibration of the device is changed by 
means of a control switch on the control 
board; an instrument is provided on 
the control board which indicates the 
calibration setting directly in kilowatts. 
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‘control... 


The two sets of contacts Conncet the 


‘Amplidyne control field to control voltage 
of correct polarity to cause the induction 


voltage regulator rotor to be rotated in 


the direction to correct the power flow; 


for example; if the power flowing through 
the converter is less than the setting of 
the watt regulator, its contacts connect 
the Amplidyne control field to the po- 
tential which will cause, the d-c motor 
to rotate the induction regulator’ rotor 
in the direction to increase power flow 
through the power converter. 
dyne control field F3-F4 is used for watt 
regulator control as well as for manual 
With the watt-regulator control 
switch in the “‘on’’ position, the regulator 
contacts are connected to field F3-F4 
and the manual-control-switch contact 
circuits are disconnected. Contacts of 
the cam-operated position switch con- 
nect the regulator contacts to the control 
voltage polarity which gives correct 
direction of rotation of the induction 
voltage regulator for either direction of 
power flow in the frequency changer. 
In putting a power converter on watt 


regulator control, it is initially necessary 
for the operator to select direction of 


power flow by means of the manual- 
control switch; once the induction- 
voltage regulator has arrived at either 


_ position A or position C (Figure 3), the. 
regulator control switch can be turned to 
‘the ‘on” 


position, and the regulator 
functions to pick up the load for which 


the regulator is set. 
The load regulator is an indicating 
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Ampli- _ 


Figure 4. Control-room panels 

and excitation cubicles for 

he 000- kw electronic power 
converters 


Figure 5. Load-control panels. 
for each converter unit and 
test panel at right 


integrating device energized from current . 


' and potential transformers which meas- 


ure the interchange of power between the 
power company’s system and the indus- 
trial company’s 60-cycle system. The 
load regulator is designed to hold-a pre- 
selected value of instantaneous exchange 
kilowatts. This value, however, is cor- 
rected to compensate for any differential 
between the ideal preselected kilowatt- 
hour exchange and the actual kilowatt- 
hour exchange as time progresses. 


The load regulator permits the indus- ' 


trial user to make the ‘best possible 
exchange of kilowatt-hours with the 
power company as determined by his 
contract with the power company. When 
the 60-cycle industrial load is heavier 
than the setting of the load regulator, 
the power converter supplies kilowatt- 
hours from the 25-cycle system to the 
60-cycle system; when the 60-cycle 
industrial load is smaller than the 


setting of the load regulator, the power 


converter supplies kilowatt-hours from 
the 60-cycle system to the 25-cycle sys- 
tem. The contacts of the load regulator 
connect Amplidyne field F1-F2 to the 
control voltage polarity which correctly 


adjusts the power flow through the power 


converter. The load regulator is made 
operative or is removed from operation 
by a two-position control switch. 


For the station described, which has 


two converters, the load regulator can 
be used to control either or both con- 
verters by selecting such operation by 
means of the control switches. When 
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both power converters are 0 


and a-c conductor system. 


_ (b), Loss of voltage. 


the same manner as similar faults it 


rectifier transformers by reason of the 


‘inverse characteristic. 


_load-regulator control, load-b: 
lays are made operative. 
balance relays are two-element ind 
disk devices whose current cir 
energized from differentially connec 
current-transformer circuits of the 
power converters. These relays 
the loads on the two power com 
approximately equal when both 
controlled by the load regulator. 
Any of the types of control described 
manual, watt-regulator or load-regu 
can be used on one converter without re- 
gard for the type of control being used on 
the seg’ While the ana has 
1; 


at his ape ree: are no comp cat 
operating sequences which mus 
followed. ' 


Protection 


For the purpose of discussion of pro- 
tective relaying, faults which must | 
considered may be classified and sub- 
classified as follows: 


1. Faults associated with the converter 
its transformers, and auxiliary apparatus 


(a). Insulation failures in the transforme “ 


(b). Malfunction of the ignitron | ‘best or 
insulation failure in the d-c conductor 
system accompanied by failure, or too fre- 
quent operation — of the automatic faul 
suppression features of the converter. eric 


and ignition control, 
2. Faults 
systems 
(a). Short circuits. 


associated with the powe: 


Insulation failures in the transformers 
and a-c conductor system are treated i 


conventional transformers. It is im- 
practical to apply differential relays to 


complexity of their secondary winding: 
and the peculiar character of the currents 
flowing in these windings. Therefc A 
the best available protective relay for 
this purpose is the short ie ace 
induction overcurrent relay with an 
This relay is 
adjusted to have just sufficient pee 
time delay (approximately 0.05 second) 
to allow for normal transformer magne- 
tizing inrush currents and short-duration 
fault currents resulting from transient 
disturbances in the ignitron tubes. On 
systems having impedance-grounded neu- 
trals a sensitive residual overcurrent relay 
also is used to clear ground faults. 4 

Normal suppression of arc-backs and 


-“shoot-throughs” in the rectifier and 


inverter tubes and d-e short circuits by 
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he converter ignition and grid-control 
quipment and the igniter short-circuit- 
ng device has been discussed in a com- 
anion paper! describing that equipment. 
perating experience so far has developed 
10 failure of the fault-suppression equip- 


nent to clear arc-backs, ‘‘shoot-throughs” | 


ind d-c short circuits. However, such a 
ossibility, though considered very re- 
note, must be guarded against by backup 
yrotective relays which will prevent 
lamage to the apparatus under such 
ircumstances. 


Rectifier arc-backs which are not 
‘leared by the normal fault-suppression 
ipparatus will result in sustained over- 
“urrent in the rectifier transformer sec- 
mdary winding of sufficient magnitude 
0 cause the transformer protective over- 
surrent relays in this circuit to operate. 

Inverter ‘‘shoot-throughs” and d-c 
short circuits which are not cleared by 
the normal fault-suppression apparatus 
will result in sustained overcurrents in 
the rectifier transformer and will produce 
ulternating overcurrents in the lines 
detween the rectifier tubes and the trans- 
ormer; sensitive and effective protection 
s obtained by the use of short-time induc- 
ion overcurrent relays connected to 
~urrent transformers in these lines. — 
In the case of repeated arc-backs or 
‘shoot-throughs,”’ 


faults as fast as they occur, and some 
means must be provided for disconnecting 
the converter when such faulting occurs. 
Since each fault suppression is accom- 
panied by a transient operation of an 
gniter short-circuiting device, impulses 
tom the operation of this device are 
ised to actuate a relay which operates 
to trip the power circuit breakers if the 
mpulses occur too rapidly for predeter- 
mined time. The relay used for this 


surpose is a combined time-delay and 


10tching device which, when subjected 
(o more than a predetermined number of 
mpulses within a predetermined period 
of time, closes its contacts to trip the 
power circuit breakers. . 

Short circuits on fhe supaly system 
rend to reduce the voltage of that system. 


This reduced voltage applied to the recti- 


ier tends to decrease the normal flow 
xf power from the supply system to the 
receiving system. Since the inverter 
‘annot function as a rectifier or the 
ectifier as an inverter unless the grid 
controls purposely are changed to give 
sich operation, the converter cannot 
transfer power from the receiving system 
nto the supply system. 

Short circuits on the receiving system 
f of such a nature that they do not 
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the fault-suppression | 
upparatus merely will suppress these © 


Differential Generator Control Relay for 
—D-C Aircraft Electric Systems 


F. E. CREVER 


ASSOCIATE AIEE — 


Synopsis: The definite-pickup type of gen- 
erator control relay has been in use for a 


period of years on d-c aircraft electrical sys- 


tems. While this type of generator control 
relay gives satisfactory operation when the 
system is in proper adjustment, it had dis- 
advantages which are accentuated by im- 
proper adjustments of regulators and the 
relays. A differential type of generator 
control relay not subject to chatter has 
been developed and tested in flight on a 
system having four main-engine-driven gen- 


- erators and an auxiliary power plant. This. 


type of relay has been shown practical and 
advantageous when used on a system having 
voltage regulators with equalizers. 


Functions of Generator Control 
_ Relay 


HE principal function of a generator 
control relay on aircraft d-c electrical 
systems is to connect the generator to 
the ship’s d-c bus whenever the generator 
is in a condition to furnish power to the 
bus, and to disconnect the generator from 


the system whenever the generator draws 


reverse current from the bus above'a 


predetermined value. The relay also 
provides a means of disconnecting or 


‘holding off any generator at the will of 


the operator. 


The Definite-Voltage-Pickup coe 
of Relay 


In the past on 1 28.5-volt d-e electrical 
systems, a relay of the voltage-pickup 
type has been in common use. Such a 


scheme is illustrated amp ccs in 


Figure 1. 

The voltage-pickup type Gf generator 
control relay consists of a main con- 
tactor energized from the generator ter- 
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reduce the voltage of that system below 
approximately 80 per cent of normal will 
cause the converter to deliver only a 
nominal increase in power to the receiving 
system, but never more than the upper 
limit of power transfer provided for in 
the converter control. 

Short circuits on the receiving system 
of sufficiently low impedance and on 
any or all phases will cause the inverter 
to cease to commutate the direct current. 
This in effect places a short circuit on 


the d-c system. The rectifier control 


immediately limits this direct current to 


normal maximum load current, but the 


inverter immediately ceases to deliver 


power to the receiving system. As soon 


as the fault on the receiving system is 
cleared and the voltage returns to normal, 
the inverter begins to commutate again 
and delivers normal power to the re- 
ceiving system. 

As previously noted, low voltage, 
either single- or three-phase, on the 
supply system merely decreases the 
normal flow of power or, if it is too low, 
causes the rectifier to cease firing, thereby 
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interrupting the flow of power. Low 
voltage, either single- or three-phase, 
on the receiving system either causes a 
nominal increase in power flow or causes 
the inverter to cease commutation, 
thereby interrupting power flow. 

It becomes evident, therefore, that 


only in case of prolonged low voltage on 


the receiving system, sufficient to cause 
a cessation of inverter commutation, is it 
necessary to disconnect the converter 
from the system. This is accomplished 
readily by means of a single- or three- 
phase time-delay undervoltage relay set 
to drop out at approximately 80 per cent 
of normal voltage and having sufficient 
time delay to permit system relaying to 
remove receiving-system short circuits. 
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Figure 1. Schematic diagram of ' voltage- 
pickup type of generator control relay 
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Figure 2. Characteristics of definite-voltage- 

pickup type of generator control relay and 
system 
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Figure 3. Schematic connections of differen- 
tial generator control relay 
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Figure 4. Characteristics of differential gen- ° 


erator control relay and system 


minal voltage through contacts on a 
polarized control relay having a voltage 
coil and a current coil. The character- 


istics of relays of this type are a defi- | 


nite voltage pickup and a dropout on 
reverse current which is a function of the 
voltage on the voltage coil, that is, it 
requires a higher value of reverse current 
to drop the relay out at 28.5 volts than 
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Figure 5. Characteristics of generator voltage 
regulators with equalizers on four-generator 
system 


Curves 1, 2, 3—Characteristics of regulators 
on machines off the bus 


Curves A, B, C—Characteristics of regulators 
-on connected machines 


Curve 4—Characteristics of regulators with all 


machines on 

Curves 1 and A—One machine off, three 
machines on 

Curves‘2 and B—Two machines off, two ma- 
chines on. 


Curves 3 and C—Three machines off, one 
machine on 


at a lowes voltage such as 27.0 volts. 
Typical characteristics of such a relay 
are shown in Figure 2, together with the 
system current characteristic for an as- 
sumed bus voltage of 28.5 volts estab- 
lished by other generators already on 
the bus. By reference to this figure, it 
can be seen that there is a shaded region 
above the pickup voltage of the relay 
where the relay will pick up and immedi- 


ately upon closure draw a reverse current 


sufficient to drop it out and result in a 
chattering condition so long as the gener- 
ator operates at a voltage in this region. 

Each time a generator comes up in 
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long periods of time. It has been 


different principle has been develope 


POSITIVE BUS 


EQUALIZER BUS 


speed is brought up so rapidly 
time duration of operation in this 
is so short that the chatter d 


may operate in this region is in ¢ 
system load is light and its voltag 
lator is set low in voltage with 
to the setting of voltage regulato 
other generators operating in parall¢ 
This is the most dangerous type of 
because it is more likely to persist 


source of trouble on present system 

military service as it may result in in 
dreds of thousands of operations of t 
relay in a few hours giving rise to rapi 
wear. The chatter may be minimized 
eliminated by raising the pickup voltag 
increasing the reverse current charac 
istic of the relay, and by making sure th: 


an 


voltage regulator settings and connet 


tions are proper. If these things are done 
the system is practical. | 


The Differential Type of 
Generator Control Relay 


A second type of relay operating on 


which has several advantages which wi 
become apparent as its characteristics ai 


a 
: 


examined. This is known as a differenti 
type of generator control relay and is th 
chief subject of this paper. Typical co: 
nections of such a relay are shown i 
Figure 3. Referring to Figure 3, tl 
differential generator control relay co 
sists of a main contactor ae 


Figure 6. Schematic connections of 28.5-ve 
d-¢ system with four main generators and o} 
_ auxiliary power plant 


* 0.5-volt drop in negative lead for 100 pi 
cent rated current of generator 


DIFFERENTIAL 
RELAY 


ELECTRICAL hic 


hrough a contact on the differential con- 
rol relay and a manual switch from the 
yenerator voltage. The differential con- 
rol relay is a polarized device having a 
series coil and a voltage coil. The volt- 
uge coil is connected across the contacts 
of the main contactor through a contact 
on a small polarized voltage relay. The 
‘unction of this latter voltage relay is to 
protect the differential voltage coil for 
arge differential voltages and to prevent 


witches are left closed when the plane 
s not in operation. The characteristics 
of the differential relay are that it will 
lose whenever the voltage of the genera- 
or is above the bus voltage by from 0.2 
to 0.5 volt and it will drop out at a definite 
alue of reverse ctirrent independent of 
the voltage of the generator. These char- 
acteristics are shown in Figure 4, to- 
gether with the system current char- 
acteristic. It can be seen from this figure 
that there is no region of chatter because 
the relay will not close the generator on 
the bus under any condition where it will 
cause flow of reverse current. Likewise 
the relay will not automatically remove 
the generator from the bus on reverse 
eurrent under a voltage condition that 
would cause it to reclose. 

| It might be argued that such operation 
could be obtained with a voltage pickup 
type of relay if the pickup voltage were 
raised to a point equal to or above the 
bus voltage. This is true but is not easy 
of attainment because of the necessary 
tolerance of pickup. On the differential 
type of relay a given percentage tolerance 
in the differential voltage results in only 
a small difference in generator voltage 
whereas the same percentage tolerance 
on the voltage-pickup type would result 


in a much wider variation in the actual | 


pickup voltage. The differential type 
has another advantage in that the pickup 
voltage is related to the bus voltage so 


that if the bus voltage is low, the genera-_ 


tors can come on at a lower speed and 
thus charge low batteries at a generator 
speed that could not generate enough 
voltage of cause a definite-voltage pee 
type of relay to operate. 


Effect of Equalizers on Voltage 
Regulators in Supplementing 
Differential Generator Control 
Relays 


It is to be noted that the differential 
type of generator control relay will close 
the generator on only when the generator 
voltage is of correct polarity and. above 
the bus voltage. This brings up a ques- 
tion on a system where generators are 


. * Ts 
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drain on the batteries in case the battery - 


Ez=Bus voltage 
ER, =Contactor- coil 
voltage, relay 1 
ER. = Contactor- coil 
voltage, relay 2 
fh, =Current through 
relay 1 
l,=Current through 
relay Q 


Figure 7A (upper). 


Oscillogram showing action at pickup on voltage-pickup type of 


generator control relay, taken by slowly increasing voltage setting of incoming generator 
regulator 


Figure 7B (lower). 


Oscillogram showing action at dropout on volageeiae type of 


generator control relay, taken by slowly decreasing voltage of generator regulator 


Figure 8A (upper). 
Oscillogram show- 
ing action at pickup 
‘on differential type 
of generator control 
relay, taken by 
slowly increasing 
voltage setting of © 
incoming generator 
regulator 


Figure 8B (lower). 
Oscillogram show- 
ing action at drop- 
out on differential 
type of generator 
control relay, taken 
by slowly decreasing 
voltage of generator 
regulator 


Ex=Bus voltage 
En= = Contactor-coil voltage, relay 1 
Eg—E,=Differential voltage 

/, =Current through relay 1 

l,= Current through relay 2 


operating in parallel with all voltage | 


regulators set at the same voltage as to 
whether the first generator to come on the 
bus will not raise the bus voltage to a 
point where the other generator control 
relays cannot close their generators on. 
Were it not for the presence of equalizing 


E,=Bus voltage 
Eg =Voltage, gen- 
erator 1 
Eg.= Voltage, gen- 

erator 2 
le, = Current, 
erator 1 
lg,= Current, 
erator 2 


gen- 


gen- 
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windings on the voltage regulators, this 
might be a valid objection. However, 
with equalizer windings on the regulators, 


‘any load on the connected generators will 


not only cause the voltage of the con- 
nected generators to droop with an in- 
crease in load but will also cause the 
voltage of the generators not on the bus 


Figure 9. Oscillogram showing pickup of one 

differential relay upon application of heavy 

(turret) load. - Relay previously held off by 
low setting of voltage regulator 
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to rise as the load increases. This ac- 


tion is illustrated in Figure 5 which is. 
drawn based upon normal equalizer 


strength as specified for military aircraft. 
It can be seen that a differential voltage 
of one-fourth volt is obtained on the 


generators yet to be connected when 


the connected machines. 


- machines, regardless of the number of, 


_* 
¥ 
a 


oe > 2 
+ a4 s 
~~. 4 


“s & 


x 
a 


only five per cent load is on each of 
A differential 
voltage of one-half volt would require 
ten per cent load on each connected ma- 
chine. In the appendix it is shown that 


_ the differential voltage is dependent only 


upon the per cent load on the connected 


generators associated with the system. 


These figures are based upon all voltage 


regulators being set alike. However, it 


can be said that with the differential 


relay set to close on at from 0.2 to 0.5 


volt on a system of generators having — 


equalizers on the voltage regulators of 
normal strength, if any generator fails 


to come on, it would not be able to 
furnish power to the bus under that load 


condition, Therefore, it might as well 
remain off until its voltage regulator set- 
ting is brought into line with the settings 
of other regulators on the system. 
Another characteristic of the differen- 
tial type of generator control relay has 


_ caused misunderstanding and that is the 
fact that it will not close a generator on 
to an unloaded bus because there is then 
no circuit for the differential coil. 


The 


existence of a very minute load or of 


i 
a me! 
‘ 


ye sy. © 


plane equipped with differential relays 


batteries on the bus eliminates this. It 


is not a disadvantage because if there is 
no load to be supplied there is no use ~ 
putting voltage on the bus. 


In testing 
these relays on a bench test, this has some- 
times caused confusion where testing the 


_ relay against an open bus without bat- 


teries or load. Only a fraction of an 
ampere load is required to complete this 


circuit. 


Flight Tests With Differential 


Generator Control Relays 


‘In order to prove out these principles 
and to satisfy any who might be skeptical 
of the ability to close on, tests were made 
on a four-engined B-24 Liberator bombing 


and on the same plane equipped with 
voltage pickup type relays. The tests 
showed that either type of relay with 
proper adjustments was practical but 
that the differential type is superior. 
Also, the tests showed that with mis- 
adjustment of the voltage regulators, 
the voltage pickup type would chatter 
whereas the differential type did not. No 
trouble was encountered in bringing any 
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generator on with differential-type re- 
lays. In fact, those who made the tests 


stated that with normal regulator set- 
tings, there would have been difficulty 
keeping them off the bus. 
- Tests were made and saltoneat ican 
for various settings of the regulators and 
Figure 6 shows 
connections. 


various load conditions. 
the system elementary 


Figure 10. Schematic connection of equalizers — 


on an N-machine system 
*, 


These tests were purposely made severe 
by setting one regulator low and gradu- 
ally raising its voltage setting. Figures 7 
and 8 are oscillograms of these tests for 
the voltage-pickup and differential types, 
respectively. Note that Figure 7 shows 
a chattering condition whereas the same 
test with the differential relay, Figure 8, 


shows no chatter. Figure 9 shows a 


heavy load suddenly applied using 
differential relays with regulators set to 
prevent number 1 generator coming on 
until the application of the sudden load. 
It is to be noted that there was a sudden 
drop in bus voltage and a sudden rise in 
generator number 1 voltage and that 


generator number 1 came on within 0.05 


second and carried its share of the load. ‘ 


Conclusions 


The differential-type generator control 
relay is superior to the voltage pickup 


type because it can be readily made to — 
have a characteristic not subject to chat- 


ter even though the voltage regulators 
on generators operating in parallel do 
not have the same adjustment. i 
' The voltage-pickup type of generator 
control relay can be made to function 
satisfactorily but is subject to chatter 
when regulators are not in adjustment 
on generators operating in parallel. 

On a system including several genera- 
tors operating in parallel, the differential 
type of generator control relay should give 
no trouble due to failure to close on the 


bus provided the voltage regulators are 


provided with equalizers of normal 
strength. 

Less trouble with adjustment of pickup 
should be realized in service with the 


differential type than with the voltage- 


pickup type because a fairly wide toler- 


ance in pickup differential voltage has a — 
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‘same resistance and that all regulator. 


' Army value is a change of 2.5 volts for | 


_ N,=number of machines on the bus a 


with machine on the bus will be 


Current in each equalizer of regulators off 
the bus will be 
X0.5X< : 
100"~ >": ( R a R 
"\N, No 


Mu minor effect on opera 
will not result in chatter. 


Appendix. 


It can be shown that for a given equ 
strength the differential voltage be 
machines on the bus and off the bus 
all equalizer circuits closed is de 
only upon the percentage load on ea f 
nected machine. This is on the assumptio; 
that all equalizers and their leads have 


constant voltage and are set for the 
value except as influenced by the in, - $ 
Consider an N-machine system; see 
ure 10. a 

‘The voltage applied to the equalizer 1 
cuit is determined by the load on the cot 
nected machines and the standard value | 
0.5 volt for 100 per cent load. The effe 
of a given voltage applied to each equ i 
coil is standardized. The United Ste 


volt applied to the equalizer coil of 
regulator. 
Let 


a 
ay 
R= resistance of equalizer coil and con. 
nected leads 


N,=number of machines off the bus 
L,=per cent load current on each connected 
‘machine a 


a 


Ciisrént in each equalizer oF regul tor 


chine on the bus due to equalizers 1 
obtained By proportion as. follows. 


R A 2 3 2.5 4 

Ly ened = Volts recalibration 
to nee 
1000. at RR 
th N; is ose 


“a 


Recalibration of each regulator with ma- 
chine off the bus is obtained by proportion 


Rite Peas EN RAY te. 
Ty 1 " Volts 1 recalibratior ay 
100 %0-5% 


ata) . : “a 
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Lighting Required for Commercial- Airline 
5 | Aircraft | ~ 


W. A. PETRASEK | 


ASSOCIATE AIEE 


‘ > 


IGHTING plays as essential a role in 
the performance of a modern air- 
transport airplane as it traditionally does 
on the stage. It is the purpose of this 


paper to outline the extent of the subject 


and to acquaint the reader with the basic 
Tequirements of each of the specific ap- 
plications. Actual airline operating ex- 
‘perience will form the basis for these re- 
quirements. 

The variety of problems involved is in the 
lighting of a commercial airliner can be 
teadily appreciated by referring to Figure 
1. The percentage of the aircraft electric 


power supply which is required for the 


lighting of two representative sizes of 
. mercrait i is shown | on Figure 2. 


Siesterior Lighting 


Posirion LicHTs | 


In the application of lighting for naviga- 
tion purposes, it is necessary that all air- 
_ craft conform to a standard arrangement 
so that there will be no confusion, with 
its unfortunate consequences. The Civil 
_ Aeronautics Administration has specified 
in their regulation CAR 15.20, Position 
Lights, the particular arrangement which 
an air carrier must employ. This system 
_of position lighting is shown in Figures 3, 
_ A,and 5. 

With the advent of the war and in- 
ereased aerial traffic, commercial-airline 
position lighting has undergone critical 
review. This survey in which the CAA, 
the Bureau of Standards, and the airlines 


have the following characteristic: 


| 


collaborated consisted of installing addi- 
tional lights on an airplane and flight 
testing. The flight tests were so con- 
ducted as to cover all the possibilities 
which might be encountered in air traffic. 
The most exacting condition of the flight 
test proved to be the one in which one air- 
plane descended upon another ship flying 


EXTERIOR LIGHTS 


LANDING PO 
ul 


SIT 
LIGHTS IGHTS 


FIXED RETRACTIBLE 


against a background of multicolored city 
lights. The results of these tests indi- 
cated that a decided improvement could 
be gained by flashing the position lights 
in a uniform sequence. 
outcome of these tests was an amendment 
to the CAA regulations requiring all 
commercial aircraft to flash a red and 
white tail light alternately at a prescribed 
rate of 40 cycles a minute, each cycle to 
150 


Volts recalibration above normal 
rs 
L; N, i) 
= 5 a 

10°11 tay 
™, Pc dN Ge 
The sum of these two recalibrations is 

the differential voltage whichis _ 


; . My wee, 
Differential voltage = 10 “i =0.05L; 


Thus for differential voltage of 0.2 


Ljas=4 per cent eee 
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' Schultz. 


For differential voltage of 0.5 


0.5 
ie aoer 10 per cent load 
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-candlepower lamps. 


1ON AUXILIARY — 
LIGHTS 


The immediate - 


degrees white, 10 degrees dark, 150 de- 
grees red, 50 degrees dark. Both the red 
and white lights are to be fitted with 32- 


lights must conform in all other respects 
to the previous Civil Air Regulation. 
Permission was granted the airlines to 
flash all their position lights for a trial 
period. Figures 6 and 7 show the type of 
dual tail light and wing tip installations 
in use on a commercial airliner. 


The airlines do not regard the present ~ 


system of flashing lights to be the ulti- 
mate in position lighting and are acutely 


aware of the need for additional study of 


These'red and white — 


the problem. The following remarks are 


intended as a guide to this further study. 
The existing CAR cutoff requirements 


AIRCRAFT LIGHTING 


INTERIOR LIGHTS 


WING NACELLE CARGO 
ICE. | »=WHEEL «= AREA 
LIGHTS LIGHTS LIGHTS ; 
CABIN COMPARTMENT cocKPiIT ‘ any 
LIGHTS = -———SsLIGHTS LIGHTS Yan 
DOME SEAT AISLE | INSTRUMENT | MAP GENERAL 
UGH LIGHTS LIGHTS PANEL —- READING LIGHTING ” 
LIGHTS LIGHTS 
° us! 
Figure 1. Aijirline aircraft Wel require- CARGO - JUNCTION PASSAGEWAY - 
= ji ‘ments ga COMPARTMENT Ox LIGHTS ae 


LIGHTS LIGHTS 


effectively limit the maximum intensity of 


forward position lighting. Ifthe intensity — 


of the position light or group of lights as — 


viewed from another airplane is considered 
to be a function of their relative approach 
velocity, then it is obvious that the maxi- 


mum light intensity should be obtained 
when viewing the airplane from a head-on ; 
' position, and this intensity should de- 


crease in a reasonably uniform manner to 
an acceptable minimum when viewing the 
airplane from the rear. The problem of 
increasing the forward position-light in- 


YJ 


tensity is complicated by the undesirable | 
effect which any bright light located — 


within the pilot’s field of vision has upon 
his ability to discern external objects 
when flying through haze, light snow, or 
similar weather. 
not be looking out of the airplane to be 
bothered by the flashing of a light re- 
flecting from the haze. 


Paper 44-01, recommended by the AIEE com- 


mittee on air transportation for presentation at 


the AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944. Manuscript submitted 
April 12, 1944; made available for printing May 4, 
1944, 


W. A. PeTrasex is electrical project engineer, 
American Airlines, Inc., Jackson Heights, N. Y. 
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In fact, the pilot need | 


21 PASSENGER AIRLINER 40 PASSENGER AIRLINER 


AIRCRAFT 
LIGHTING 


57% 


Figure 2. Relative power requirements of 
aircraft lighting equipment 


> 


these three phases of the landing, the air- 
plane usually has three different attitudes 


with respect to the ground. With the 


fixed type of landing light which remains 
stationary relative to. the airplane 
throughout the landing procedure, the 
illuminating effect of a beam pattern will 
vary with each of these phases. 
necessary that this beam pattern be so 
designed and the light suitably positioned 


CONICAL SURFACES 


| CONICAL SURFACES \ 
| EVERYWHERE 10° 
FROM |'F° PLANE 


es 
CUT-OFF eece 
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CUT-OFF 
TOLERANCE 


8C.P IN CONE 
4CP ABOVE ane BELOW CONE 
1 


-~ CONICAL SURFACE 
EVERYWHERE 10° 
ROM "R" PLANE 


AW, 


Figure 3. Angles and intensities of “airline 
’ forward” and ‘‘rear’’ position lights 


It is also necessary to consider the ef- 


fect of any position-lighting arrangement 


upon the passengers. Here again, the 
annoyance of a flashing light must be 


minimized, and the problem is compli- 
cated by the presence of polished wing 


surfaces. 
_ New navigation-light fixtures should be 
designed so that the streamline of the air- 
plane will be unaffected. It is most im- 
portant that this streamline be kept in- 
violate as ice accumulation will not only 
reduce the utility of the lights, but will 
also seriously affect the aerodynamic effi- 
ciency of the wing. 


. Lanpine LIcHTs 


The general requirement for an aircraft 
landing light is that it furnish sufficient 
illumination in the area ahead of the air- 
plane adequately to permit the pilot to 
guide the airplane to a safe landing. All 
three portions of a landing must be con- 
sidered; namely, the approach to the field, 
the actual landing, and the subsequent 
taxiing to the parking space. During 
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Figure 4. Showing section B-B of Figure 3 


that sufficient illumination is obtained on 
the landing strip under all conditions. 
There are in general three types of land- 
ing-light installations in use., The leading- 
edge-of-the-wing installation is the type 
most commonly used in commercial-air- 
line aircraft (Figure 8)., There are several 
disadvantages of this type of installation. 


The light lost by refraction through the © 


curved lens is excessive, and the aero- 
dynamic efficiency of the wing is affected. 


Furthermore, there is interference with 


Petrasek—Lighting for Aircraft 


It is | 


illuminating any haze or fog to such an 


~ motor. 


— cockpit. 


framed its requirements as follows, 


the deicing of the leading edge 
wings. This type of installation 


sirable aerodynamic effects upon th 
plane. The provision for bulb replace 
ment is complicated by the necessity for 
installing sufficient fasteners on the hand- 
hole cover plates to meet the structural 
requirements for that portion of the air- 
plane just’ aft of the leading edge of 
wing. Consequently, the time required 
for a change of bulb is excessive. 
' The installation of the landing lights in ~ 
the nose of the airplane, while not having 
the objections of interference with the de- — 
icing function or aerodynamic efficiency, 
does have a more objectionable effect of 


extent as to interfere seriously with the 
pilot’s vision from the cockpit. 

_ A more recent type’ of landing-li 
installation is the retractable landing light | 
(Figure 9). This light is usually mounted ~ 
well under the wing and is controlled 
either hydraulically or by an electric 
The bulb can either be illumi- 
nated automatically by means of a switch — 
incorporated in the light assembly or can 
be illuminated in any position from the — 
The military services have 
standardized on the general requirements 
for electrically retractable landing lights — 
for 12- and 24-volt d-c airplanes. The 
bulb is the sealed-beam type and is readily 
replaceable without the necessity of re- — 
moving any wing structure. It is évident 
that this type of light does not have the 
objections common to the leading-edge — 
and nose types; however, it has the ob- — 
jection of added mechanical complexity. — 
This additional mechanism is another 
source of trouble, and should it fail to 
function satisfactorily, it will render the 
landing light inoperative. The Civil 
Aeronautics Administration, recognizing — 
the various forms in which the landing- 
light installations might appear, has 
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Figure 5. Showing section A-A of Figure 3 
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Pe’ % 
paar a 


stalled on multiengine aircraft that at 
least one should not be less than ten feet 


_ to the right or left of the first pilot’s seat 


-. compartment.” 


and be beyond the swept disk of the outer- - 


most propeller. On single-engine aircraft 
such lights shall be so installed that no 


_ visible portion of the swept disk of the 


propeller, if of the tractor type, is illu- 
minated thereby. Individual switches for 
each light shall be provided in the pilots’ 


quirement that two lights be provided on 
any air carrier of passengers licensed for 


- night flying. 


To sum up the landing- light situation, 
-present- -day airplanes having the conven- 
tional tail-wheel type of landing gear do 
not provide suitable illumination for all 
three phases of airplane maneuvering in- 
volved in the landing. As a result the 
lights are adjusted so as to favor the illu- 
mination of the landing strip during the 
approach and landing position with the 
result that the light available for taxiing 
is very poor. It has been suggested that 
landing lights be furnished with double 
filaments similar to the type employed in 


automobiles so that taxiing might be 


accomplished under more favorable light- 
ing conditions. Another solution to this 
problem would be properly to proportion 
the beam pattern from the landing light so 
that a sufficient amount of light is avail- 
able at the various attitudes of the air- 
plane. This can only be done, however, 


_ at the expense | of the light intensity at any 


one working condition. In view of the 
compromises currently being accepted in 


_ tegard to bulb life and lumens per watt 


- output, it would be undesirable to adopt 


_ any system which does not fully utilize 


‘the lumen output of the lamps. 
A problem of aircraft lighting which is 
seldom appreciated by anyone but the air- 


line operator is the lamp burnout and re- 


‘placement problem. This problem is par- 
ticularly acute for the position and landing 
lights for the following reasons. An air 
carrier for passengers cannot be given 


flight clearance without the full compli- 


-ment of position and landing lights as 


[Figure 6. Dual flashing taillight installation 
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“Electric landing lights shall be so in- 


Tt ise further ‘(CAA re- 


Installation of approved type of 
wing-tip position light 


_Leading-edge-of-the-wing type of 
landing light 


Figure 8. . 


specified by the CAA. Landing lights, 
which are lighted just prior to the air- 
craft’s departure from the loading ramp, 
and in some cases not until the aircraft is 
ready for take-off, usually fail when the 
lamp is switched on. In the case of both 


the position lights and the landing lights - 


the transition, from the airplane’s condi- 
tion at rest with engines not running to 


. the excessive vibration experienced when 
engines are being ground run and the air- . 
plane is taxiing, is sufficient to produce 


failure in a bulb which has approached the 
end of its service life. In most ‘cases, 
therefore, the light-bulb failures occur at 
the most critical time and result in what 
is known as a station delay or an inter- 
rupted flight. These delays or interrupted 
flights are the “headaches” of airline 


operation. 


Considering the life expectancy char- 
acteristic of the incandescent lamp, the 
best that one can hope for, if a periodic 
replacement program is put into effect, 
is to reduce percentagewise the number of 


delays and interruptions. This‘procedure 


Figure 9. Under-the-wing-type hydraulically 
retractable landing light 
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can never eliminate them. The economy 
of such a program must be balanced 
against the intangible cost of a delay or 
interrupted flight. A possible solution of 
this difficulty for the position lights is the 
use of lamps having double filaments of 
different structural characteristics so as to 
provide a lamp for which only one filament 
would burn out at a time. This would 
have the advantage of providing a light 
of reduced intensity in case the burnout of 
one of the filaments occurred in flight. 


_It is obvious that such a system could not 


be applied to the landing-light bulb. 


Auxitiary Licuts ' 


In addition to the position and landing 
lights various’ other auxiliary lights for 
lighting some portion of the aircraft ex- 
terior are being used. The pilot’s desire 


to see the leading edge of the wing at night — 


during icing conditions has resulted in the 
installation of lights in either the fuselage 
or the outboard nacelles which floodlight 
the leading edges of the wings. Lights 
which are being used for this purpose are- 
the type manufactured as automobile 
spotlights. These lights are provided 
with refracting lenses to provide the par- 


ticular light pattern required for even dis- 


tribution along the entire length of the 


‘wing. The installation of these lights has 


met with the approval of the CAA. They 
are satisfying a need which will exist until 
more positive and automatic wing deicing 
equipment is available. It is interesting 
to note that these wing ice lights are also 
used as an aid to taxiing on the ground. 
Lights have been installed inside of the 
engine nacelles which house the landing 
gear in order to floodlight the gear so that 
the pilot may check its position im flight 
at night. 


The installation of lights ad- 


jacent to the cargo doors has been pro- — 


posed so as to provide sufficient illumina- 
tion for cargo handling. 


Interior Lighting 


‘CABIN LIGHTING 


The problem of cabin lighting in a com- 
mercial airliner is quite similar to that of 


Figure 10. Cabin dome-light installation in 
a DC-3 airplane 
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Figure. 11. 


Combination dome light and 
ventilator outlet-—Douglas DC-4 airplane 


_ the modern deluxe coach or railway car. 
Generally speaking, it is necessary to 


provide two types of illumination; namely 
general lighting and individual-seat light- 


ing. The general illumination for cabins 


commonly consists of a number of dome- 
light fixtures extending along the center 


of the cabin ceiling and suitably spaced to 
provide a uniform intensity of illumina- 


tion at the-seat level (Figure 10). These 
dome-like fixtures usually consist of one 


‘or two incandescent light bulbs of 21 to 
32 candlepower, each covered by a diffus- 
ing light cover made of glass or a lighter 


plastic equivalent. Care must be taken 
in the selection of the plastic compound 


_ for this purpose inasmuch as the limited 
‘space provided for the bulbs results in 


fairly high temperatures. The usual 
thermoplastic materials will sag and warp 
and eventually present a very unattrac- 


_ tive appearance. Figure 11 illustrates a 


Douglas Aircraft Company design which 


places the light inside of a ventilation duct 


thereby obtaining better cooling of the 


lamp enclosure. 
Some means must be provided for 


lowering the intensity of the dome lights 


during night flight so that passengers de- 
siring to sleep will not be annoyed. The 
dimmed lights must provide enough illu- 
mination for the stewardess or passenger 


_ who may desire to move about the air- 


plane. A better solution of this problem is 


_ the installation of aisle lights which may 
be turned on when the dome lights are ex-. 
tinguished. In this manner the illumina- . 


tion is applied where it is needed with a 


minimum of discomfort to reclining pas- 


sengers. The aisle lights are commonly 


installed at the base of the individual seats 
and so positioned that a uniform lighting . 


of the aisle is obtained. 

A particular problem of cabin lighting 
at night exists at the vicinity of the main 
cabin door where passengers leaving or 
boarding the airplane must be checked in 
and out by the stewardess. Since it is not 
customary to wall off that section of the 
cabin containing the seats from the en- 
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vy 


trance door, the light in the vicinity of the © . 
door must be so designed that its cutoff 


in the forward direction will not permit it 
to strike the rearmost reclining-passen- 


of the light-cover glass must be kept to a 
minimum when observed from the rear- 


most seat. While it is obvious that these 


Figure 12. 


Douglas DC-3 airplane 
requirements may be simply satisfied by — 
some sort of shade, the height of the cabin 


ceiling and the undesirability of installing 
any projecting surfaces make this method 


of solution impractical. 


The basic requirement of the individu 
seat light is that it illuminate the normal 
reading area in front of the passenger 
without annoyance to any other passen- 
gers. The normal positions and move- 
ments of adjacent passengers should not 
interfere with the light supplied to the seat 
for which it is intended. Individual-seat- 
light installations usually take the form of 
an incandescent lamp totally enclosed in 


a metal box with the exception of a small 


opening suitably designed to provide the 
required beam pattern (Figure 12). The 
switches for controlling these lights must 
be easily reached from their respective 


“passenger seats. The use of lenses for the 


purpose of improving the efficiency of the 
lighting system is impractical from the _ 
maintenance viewpoint inasmuch as the 
type and focal length necessary for this 


application requires the maintenance of 


close tolerances between these two parts. 
Furthermore, the use of lenses presents 
an additional cleaning problem. 

The individual lighting installation -is 
further complicated on airplanes with 
sleeping accommodations inasmuch as 
suitable lighting must be provided in the 
upper berths. The problem of inter- 


ference is minimized inasmuch as the in- 


dividual compartments are partitioned or 
curtained; however, care must be taken 
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illumination to one Peet 


Furthermore, the brightness. 


‘of these compartments presents it 


type of lighting for supplying gen 


Individual seat light installations— | 


same compartment do not p 


ing, shen are various y Sona gace 
quiring lighting; namely, dressing ro 
toilets, coat closets, and buffets. 


ticular problems. Thegeneraltype. 
light is usually employed with the 
tion of the dressing rooms where 
tional lights are provided adincnt to 
mirrors (Figure 13). 4 
Up to the present time fluores 
cabin lighting has net made its apy 
ance in the commercial airplane. ‘In 
of the above requirements, it appear. 
an application exists for the fluore 


cabin and compartment illumination 
the application of fluorescent ligh 
aircraft, the following factors must 
evaluated: 


1. What will be the difference in w ight 
over that of an incandescent bulb t 


- installation providing ma same leve ie) 


illumination? 


2. How will the service life and cos 
_ operation compare with the existing sy: 
of incandescent lighting? 

3. Does the improved appearance of 
fluorescent type of installation warr: 
penalties to be taken on either the weig! 
maintenance items? 


Cocker LIGHTING 


ny ; P \ >> 
If one were to ask what the most ; 
portant lighting application is in an 
plane, the answer would be univer, 
its agreement on the instrument 
lighting. The importance of proper p: 
lighting and its contribution to the safe 
operation of the airplane has long been 
recognized and a number of Gitcreat € 
of lighting systems developed. - 
The general problem of instrument- 


panel lighting can be stated as the ap- 


plication of a controlled, uniform inten 

‘sity of shadowless illumination over all. 
instrument dials which must be observed. 
by the pilot during the routine operation 
of the airplane. Furthermore, this illu- 3 
mination must be so accomplished th at 
there are no extraneous reflections of light 
visible to the pilots from instrument cover 
glasses, windshields, or other reflecting 
surfaces. The instrument-lights’ function 
‘has been similarly. described by the C AA 
in their regulation. CAR 04.5826 which 
reads, “Instrument lights shall be so in- 
stalled as to provide sufficient illumination. 
to make all flight instruments easily read- 


- able and shall be equipped with rheostat 


control for diming unless it can be shown 
that a nondimming light is pen aes’ 


ELECTRICAL ENGINEERING 
mas ial 


4 care 
——— - j 


‘er: ae 


There are in general three types of a 


strument-light installations. They are: 


1. Incandescent bulb floodlighting of the 


instrument panel. 


2. Individual (built ae as lights on each 


instrument. 


3. migereseent Pesaleiune of the fret t: 
ment panel. 


Each of the above methods has its ad- 
vantages and disadvantages of which the 
following are the more important. In 
floodlighting the panel by incandescent 
light bulbs, the ce problemsareout- 
standing: 


1. Reflections from instrument 
glasses and windshields. 


2. Even distribution and shadowless illu- 


_ mination of all the instruments. 


_ reasons. 
‘lighting has been widely demonstrated to 


8. The difficulty of locating the various 
lighting fixtures in the airplane to accom- 
plish the first two objects. 


The individual ring lighting of instru- 
ments solves the problem of extraneous 


teflections and of securing uniform and 


shadowless illumination. However, the 
chief disadvantage of this type of light- 
ing is the penalty which must be taken in 


the installation as each instrument must 
have a wire connection, and these wires 


must be located in back of the instrument 


_ panel which is one of the more congested 


spots on the airplane. 

The use of fluorescent lights for instru- 
ment lighting has been given considerable 
impetus by the military services for whom 
the dark-cockpit type of night flying is an 
absolute necessity because of tactical 
The principle of fluorescent 


the general public by theaters which have 


used this medium for staging spectacular 


. 


tion (Figure 14). 


costume changes. 


fluorescent paints. The wave length of 


- this radiation is in the band from 3,000 


to 4,000 angstroms and consequently has 


no detrimental effect to the eyes or skin. 


The efficiency of the fluorescent lamp is 


approximately two to three times that of © 


the equivalent wattage of incandescent 
lamp. The history of the instrument- 
panel fluorescent lighting goes back to the 
year 1934 when an installation of a cold- 
cathode argon lamp was used with a co- 
balt-blue glass filter to flood the instru- 
ment panel with near-ultraviolet radia- 
The instruments were 
coated with a radium base paint which 
reacted quite readily to these lights and 
produced a legible instrument indication 
without any extraneous illumination. 


4 The limitations of the argon lamp as a 


source of ultraviolet light became ap- 


parent as the size of instrument panels and. 
j Py aay j 
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It is based upon the 
action of near-ultraviolet radiation on 


the distance which these lights had to be — 


mounted from it became greater. _ 

A series of 4- and 6-watt 118-volt a-c 
fluorescent, lamps were designed in con- 
junction with the United States Army Air 
Corps, who pioneered in their develop- 
ment. The design of these lamps is 
unique in that they contain a fluorescent 
coating on the inside of the glass envelope 
which transposes the ultraviolet radiation 


Figure 13. Mirror lights—Douglas DC-4 
airplane 


of the ionized mercury-vapor gas into 


both visible and near-ultravioletradiation. — 
The lamp is provided with a rotable. 


shutter and a blue glass filter which per- 
mits some control in the amount of near- 
ultraviolet radiation output and permits 
the use of visible light for reading of maps 
and charts in the cockpit. These lamps 
require a power source of 118 volts for 
their operation as well as a reactor (bal- 
last) and a starting switch similar to that 
employed in the commercial fluorescent 
lighting equipment. 

Within the past year a 24-volt d-c 
mercury-vapor bulb has been made avail- 
able. The same basic principles apply 
with the exception of the size and shape 
of the bulb which resembles an automobile 
headlight lamp and is enclosed in a fix- 


‘ture provided with a slotted face for per- 


mitting either dark lighting or visible 
lighting of the instrument panel. The use 
of the 24-volt lamps in aircraft having 
24-volt d-c electrical systems has abol- 
ished the need for inverters formerly re- 
quired for the 118-volt equipnient. 

In conjunction with the design of the 
fluorescent lighting equipment just de- 
described, the military services have 
sponsored the use of fluorescent-paint 
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' for the past nine years. 


not be without it. 


Instrument-panel light installation : 
—DC-3 airplane 


Figure 14. 
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"materials which are activated by the near-_ 


ultraviolet radiation but which extinguish 
immediately upon removal of the radia- 
tion. The development of fluorescent- 
paint material has progressed to the stage 


_ where a wide range of colors are available 


which will fluoresce with approximately 
the same color as they appear in daylight. 


This property is advantageous in order to” 


preserve the utility of the instrument limit 
markers used to designate various safe | 
minimum and maximum values of engine 
pressures, temperatures, and airspeed. __ 
Independent studies made by a number - 
of physiologists have demonstrated that 
the ideal color for instrument illumina- 
tion is in the red spectrum, the Teason 
being that the red waveleng hs have very 
little effect upon the dark-adapted eye.) 
As a result of these findings, incandescent-_ 
light fixtures have been equipped with red 
glass filters for floodlighting panels with 
red light for night flying where a mini- 


mum of interference with the pilot’s abil- 


ity to discern objects ‘through the wind-— 
shield is required. 

Asin most lighting applications, par-— 
ticularly those involving colored lights, the 
personal element is an important factor. 
As an example, one can cite the attitude — 
of the commercial airline pilots to the ar- 
gon lighting system which has been in use . 
There are about 
as many pilots who do not use this form — 
of lighting because they personally do 
not like it as there are pilots who would — 
The same reactions 
have been recorded by the physiologists 
who have noted the personal opinions of 
the various subjects testing the red-light 
installation. Much to the surprise of some 
of these subjects, the tests showed that — 
while they disliked the colored lighting, 
their visual ability to see objects out of 
the cockpit had been improved over their 
previous ability with their customary and 
preferred type of illumination. 

Some form of glareless general cockpit 


TRANSACTIONS. 597 


illumination is necessary in addition to 
various spotlights provided for illuminat- 
ing the pilot’s controls, switches, valves, 
etc. Itis common practice for most pilots 
to fly with a brightly lighted cockpit when 
cruising on flights of long duration. Ap- 


' parently this practice has been found less 


fatiguing than flying with a darkened 
cockpit with only localized lighting for illu- 
mination. The ability to flood the cock- 
pit with general illumination is a desirable 
safety measure when flying through 
thunderstormsin the presence of lightning. 
It has been determined from a number of 
recorded cases in which pilots were mo- 
mentarily blinded by lightning flashes that 
the duration of their disability was gen- 
erally related to the intensity of cockpit 


- illumination prior to the discharge. - 


In addition to the problem of illuminat- 


ing the instrument panel for the pilots, 


there is the problem of satisfactorily illu- 
minating the work areas for the flight 
engineer, navigator, and radio man in the 


larger airplanes having provisions for 


< 


such personnel. The lighting provisions 
for each of these crew members usually 


_ require the illumination of an auxiliary in- 


strument panel mounted infront of the 


_ observer plus a local spotlight for illumi- 


nating his table area. All lighting for 


the individual crew member must be care- — 


fully arranged so as not to interfere with 
the other crew members. The various 


_ lighted work areas of the nonpiloting crew 


members must be shielded from the pilots’ 
compartment and it is customary to drape 
a curtain between the pilots and the re- 


‘mainder of the flight-crew compartment. 


_ It is also necessary to provide a suitable 


light shield for the navigator’s use when 
sighting through the ship’s astrodome. 
In general, the location of the various light 
sources and curtains must be determined 
from a full-scale mock-up of the crew 
compartment. It is essential that the in- 
‘stallation of all glass reflecting surfaces be 
duplicated in the construction of the 


mock-up. Only in this manner can the 


multiple reflections obtained from these 
windows be detected and eliminated. 


_ Conclusion 


The problems associated with the light- 
ing of a commercial transport airplane are 
many and varied, and current practice 
leaves much to be desired. Generally 
speaking, there is need for the develop- 


- ment of colored position-light sources of 


greater intensity and better. efficiency. 
Such developments should seek a reduc- 
tion in size and weight of the installation 
and be designed to fit more closely the 
aerodynamic streamline of the airplane. 
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cent fuse as an isolating means. 
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| Fusing Practices on Distribution - 
Systems—Il 
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PAPER on fusing practices on dis- 

tribution systems operating at five 
kilovolts and below was presented at the 
winter technical meeting. It discussed 
the results of a questionnaire which had 
been submitted to about 200 operating 
companies and presented the data in 
graphical form. The data of the present 
paper were gathered on systems operating 
between 5 and 15 kv. Wherever pos- 
sible, the form of the previous paper has 


been followed in order to permit ready 


comparison. 


Distribution Transformer Fusing 


In answer to the question, “Why do 


you fuse distribution transformers?’ it 


was found that 86 per cent of the com- 


panies fuse to protect the system from 


the transformer, 61 per cent fuse to pro- 
tect the transformer, 18 per cent fuse to 
indicate the location of faults, and 17 per 
The 


Paper 44-97, recommended by the AIEE committee 


'-on protective devices for presentation at the AIEE 


summer technical meeting, St. Louis, Mo., June 
26-30, 1944. Manuscript submitted April 19, 1944; 
made available for printing May 5, 1944. 


PARSONS is central-station engineer and 
J. M. WALLAcE is design engineer, switchgear engi- 


neering department, both with Westinghouse Elec- 


tric and Manufacturing Company, East BitesbGreD, 
Pa. 


won e 


In the field of aircraft landing lights the 
development of a light which will meet 
all the requirements associated with the 
landing and ground running of the air- 


. plane without increasing the weight of the 


installation is needed. The present life 
of the position light and particularly the 
landing-light bulb is exacting too great a 
penalty from the airline operator in view 
of the coincidence of lamp failures with 
the time of aircraft departure.: 
Perhaps the greatest immediate change 


which can be expected in the post war 


commercial airliner will be in the realm of 
cabin lighting. This opinion is based upon 
the unexploited application of fluorescent 
lighting to’ aircraft cabin interiors. Light 
installations of more pleasing appearance 
and producing a higher intensity of illu- 
mination for the individual passenger at 
less cost in-weight and energy are needed. 
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total of these percentages is more than 
100 per cent, because several compa 
expect the fuse cutouts to perform mo: 
than one function. 
The primary windings of distribution 
transformers are fused by the use of 
enclosed indicating cutouts by 34 p 
cent of the companies. The enclc 
nonindicating cutout is preferred by 1: 
per cent of the companies, and 54 er 
cent expressed a preference for the ope 
dropout type. Perhaps the large p 
erence for the open type is caused by 
fact that the insulation is such as to 
‘a grounded mounting bracket betw 
the terminals of the fuse. At this higher 
voltage the dropout. feature is almost a 
necessity in order to prevent voltage from © 
appearing across exposed organic ins 
tion of a blown fuse. 
The use of repeating fused cutouts on 
distribution transformers is very limited. 
This probably is brought about by thei 
relatively high cost of this type of cutout 
and by the fact that almost all internal 
transformer faults are of a permanent 
nature. However, nine per cent of the 
companies reported sonie use of repeating — 
cutouts for transformer fusing. This — 
agrees with the eight per cent found | on 
systems below five kilovolts. . 


The flight crew personnel can look for- 
ward to improved cockpit lighting in- 
stallations as a result of the experience © 
which is constantly being accrued by the 
military services in the laboratory as well 
as in the field. =u . 

No paper on aircraft lighting would be | 
complete without due acknowledgement — 
to those agencies which are actively en-— 
gaged in furthering commercial aircraft | 


_ lighting developments. These are the air- 


craft lighting committee of the Air Trans- 
port Association, the committee on avia- 
tion lighting of the Illuminating Engineer- 
ing Society, the technical development 
division of the Civil Aeronautics Adminis- 
tration, and the United States Bureau of 
Standards. These agencies are mutually 
co-operative and will provide the neces-— 
sary guiding hand to the future develop- 

, ment of commercial aircraft lighting, 
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40 4 Figure 1. Minimum- 
size fuse link used on 


5- to 15-kv systems 


30 regardless of transformer 
size 
2 100 per cent=104 
companies 
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Figure 2. Weighted average 
of Table I—operating com- 
panies using various combina- 
tions of transformer and fuse 
ratings 


Average for 98 companies 
7,200 volts single-phase or 


“FUSE LINK RATING - AMPERES PER RVA 


1.5 0 s 75 10 15 3 


TRANSFORMER KVA RATING 


As in the previous questionnaire, the 
companies were asked the extent of the 
use of cutouts at locations where the 
short-circuit current exceeds the pub- 
lished interrupting rating. It was found 

_ that the policy of 37 per cent of the com- 
panies is to use cutouts at locations where 
the published interrupting ratings might 
be exceeded. 


Transformer Fuse Ratings — 


The rating of the primary fuse which is 
chosen for a distribution transformer is 
usually correlated with the kilovolt- 
ampere rating of the transformer. In the 
case of smaller transformers, usually be- 
low five kilovolt-amperes, other factors 
predominate. Consequently, the ques- 
tion was asked as to the minimum-size 
fuse link used on the system and the 
factors controlling its choice. The three 
factors most frequently mentioned in 
the order of their predominance were 
mechanical strength, lightning, and trans- 
former rating. Figure 1 illustrates the 


practice as to minimum fuse rating and — 
shows graphically the number of com- 


panies in per cent using a given size. 

The range of values is about the same as 

that found for. lower-voltage systems 

except that a larger number use the one- 
ampere link. 
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_ type in the table. 


12,500 volts three-phase wye.. 


ee 


Table I is a transformer fusing chart 
showing the percentage of operating com- 
panies using the various combinations of 
transformer and fuse ratings. 
popular link for each transformer rating 
has been pointed out by the bold-faced 
This table applies to 
6,600-7,600-volt single-phase systems and 
11,000 to 13,800 volts three-phase wye 
systems. It is interesting to note that 
the plurality of customers use a five- 
ampere link as a minimum size for all 
transformers up to 15 kva. A weighted 
average of Table I ‘s graphically pre- 
sented in Figure 2 which shows the fuse 
link rating in amperes per kilovolt-ampere 
plotted against the transformer kilovolt- 
ampere rating. It will be noted that the 
fusing ratio varies widely, a much higher 


Table I. 


The most » 


fusing ratio being used for the smaller 
transformers. The data in Table I have 
been plotted again in Figure 3. This table 
shows the number of companies in per 
cent using a given fusing ratio, the fusing 
ratio being the link rating divided by the 
full-load current of the transformer. The 
data show even less uniformity in fusing 
practice than is found for transformers 
operating below five kilovolts. 

Table II applies to systems operating 
at voltages ranging from 6,600 to 7,600 
volts three-phase delta. Three-phase wye 
systems from 6,600 to 7,600 volts are 
shown in Table III. Single-phase sys- 
tems operating between 11,000 and 13,800 
volts are found in Table IV. Table V 
applies to systems operating in three- 
phase delta between 11,000 and 13,800 


Operating Companies Using Various Combinations of Transformer and Fuse Rating 
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The data of Tables II through V 


volts. = au 
could be shown in graphic form as was re |. 
Table I in Figures 2 and 3,and would & | au Refs io 
show the same general trend. 2 ; - Ht 
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five kilovolts. 


Line. Sectionalizing 


FUSING RATIO-LINK RATING DIVIDED BY 


FULL LOAD CURRENT OF TRANSFORMER 


tionalizing is illustrated by Figure 4. 


Toate found that 88 per cent of he This shows the number of companies in 
ae companies make use of fused cutouts for 4 erne MoS Pee number of line- 
. Se sectionalizing. Of these, 66 per cent sectionalizing fuses in series, This figure 
‘ ee icra ost vheanain teadars, 87 per cent _ shows that 63 per cent of the companies 
+ on the three-phase branch feeders and ger me fuse Se eka “he iigees 
= 95 per cent on single-phase laterals. se Sc bes “inl Benes te (Deas 
___ The repeating cutout is most frequently practica ‘ 
found on the main feeder where 67 per 
cent are of this type. The three-phase Conclusions 


_ branches are fused by repeating cutouts 

in 52 per cent of the cases, and this 
figure drops to 39 per cent on single-phase 
laterals. 
used for line sectionalizing are of the open 
type. This contrasts sharply with the 
practice found on systems operating be- 
low five kilovolts, where 70 per cent are 
of the enclosed type. The rather wide 
variation in peitie practice for line’ sec- 
A / 


About 74 per cent of all cutouts | 


In general, the data applying to sys- 
tems above five kilovoltsagree closely with 
those for systems below five kilovolts. 
Perhaps one reason for this is the fact 
that the same companies were questioned 
in each case. There are a few discrepan- 
cies, such as the preference for open cut- 
outs at the higher voltage, and these are 
easily eae from a equsideration 


_ fuses for sectionalizing service is. indica- 


niectice oe 
» by 76 companies 


100% = 76 COMPANIES 


_ NUMBER OF COMPANIES IN PERCENT 


w 
o 


tf 
— 


Ss 


MAXIMUM NUMBER OF LINE SECTIONALIZING 
- EUSES IN SERIES ~ 


the eos ‘cakes to ste very deaieatle ‘ 
The high percentage of the repeating 


tive of a trend toward autontatic, reclos- 


sinelt caunaht erie ‘evetitully 
supplant repeating fuses for line - 
tection. ; 
Discussion with pee: engineers , 
reveals that many have come to the con- 
clusion that the use of larger fuse links 


a Table IV. “Opeiating. Companies Using Various Combinations of Taste and Fuse Rating 
i ; 13,200 Volts Single- Hale ae 100 Per Cent=44 pian 
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,” ‘Table v. Operating Companies Using Various Combinations of Transformer and Fuse Rating 
‘, : i eke Volts ‘Tone DRS reich 100 Per Cent=36 5 Companies 


leads to reduced operating expense with-— 


_ while reducing unnecessary outages does | 


out any actual increase in the rate } 0} 
transformer failure. The larger link 


not change appreciably the time required { 
to disconnect a faulted transformer from 
the circuit. As no fuse link can give | 
adequate thermal protection toa trans- 
former, little if anything is lost by em- } 
ploying larger links. It is hoped that 


ig - 
: Ss Se ues Link Rat —Amperes aes study of this problem will lead 
‘ Transformer Rating— = ee to additional operatin 
* Kya 1 3 5 7 10 15 20 25 30 40 50 65 1 peatns soe ce ae 
; (Multiply by 3 for MER Ins allow quantitative interpretation of the © 
‘ _ Bank Kva) Number of Companies in Per Cent merit of increasing the size of fuse Tink | . 
. used on transformers. : 
46.2... 3.8 “i \ 9 
(51.5.. 6.5 Ware q 
. .45.4..18.2.. 6.1 efer 
50,04.49:0: 25 Oa se dearer 2.8 f eee 4 
.25.9,.16.1..19.3..25.9.. 3.2.. 3.2 : 4 
2727. . 5.6..22.2), 22.2. 16:71. 2.8 1, Fusinc Practice on DistRisvuTION Seaceine 
2.9.. 5.9..38.3,. 5.9..17. 6..14.7..11.8 hoes 2.9 —I, John S. Parsons, J. M. Wallace. AIEE 
pete eR te A. siSpeens « aivielint ated 8.6,.17.1..22.9..17.1.. 5.7..11.4..11.4..2.9,.2.9 TRANSACTIONS, volume 63, gai March _section, 
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J. E. REILLY 


ASSOCIATE AIEE 


Synopsis: With the increased use of arc 
furnaces in the production of alloy steel, new. 
interest has been aroused in both old and 
new methods of automatic regulation of 


electrode position. The regulator described 
‘in this paper is an electronic type which 


controls electrode position as determined by 
response to current in the electrode and 
voltage between the electrode and the fur- 
nace shell. Features and performance of 
an installation for a furnace having hydrau- 
lic control are illustrated. 
iat mM ~ 

HE power input to arc furnaces has 
always been controlled by automatic 


_ adjustment of electrode position. Figure 


la shows a typical installation of an arc 


furnace which employs hydraulic elec- 
trode positioning. In this type of furnace - 
_ air uwp-push is used to counterbalance the 
weight of the electrode arm. Hydraulic 


means, controlled by a small motor, is 
employed to lower or raise the arm. 

In the operation of the furnace, elec- 
trode adjustment is necessary because, 
as the charge melts down, the electrode 
must be lowered to maintain the arc. 


The scrap, as it melts, frequently falls 


against the electrodes, causing a short 


_ circuit and making withdrawal necessary. 


Adjustment of the electrodes is also 
necessary to allow for normal consump- 
tion of the graphite of which they are 
made. 


Early methods of arc-furnace conttol | 
consisted of simple current-operated de- 
The electrode current in each 


phase was supplied from a current trans- 
former to the coil of the regulator ele- 
ment. The pull of the coil was then 
balanced against a spring and the opera- 
tion of the regulator contacts caused the 
electrode motor contactors to close the 


‘motor armature circuit in a manner to 


either raise or lower the electrode as the 
current deviated from a predetermined 


Paper 44-164, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo,, June 26-30, 1944. Manu- 
script submitted April 13, 1944; ae available 
for printing May 12, 1944. 
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this regulator, and also the co-operation of the 
Hydro Arc Furnace Company and the Electrocast 
Steel Foundry for the facilities placed at their dis- 
posal in making tests. 
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This method of regulation was  , 


i 


Electronic Regulator for Arc Furnaces” 


C. E. VALENTINE 


MEMBER AIEE 


found generally unsatisfactory, chiefly 
because the restraining force of the spring 
had a constant value and other factors 
were not taken into account. 

A better method was then developed 
using another coil in place of the spring. 
Across this coil was impressed the arc 
voltage. As is well known, the voltage 
drop across the arc will increase as the 
current is decreased and vice versa. It 
can be readily understood that, when the 
varying pull of the coil or other regulating 
device which is proportional to the 
electrode current is balanced against a 
restraining force which is proportional 
to the are voltage, the utmost sensitivity 
to changes in arc length is obtained in the 
regulator. 

This principle of regulation has been 
in use for a period of about 15 years and 
has proved the best so far devised. For 
further improvement it seemed necessary 
to look to the actual control of voltage 
impressed across the electrode control 
motors, which for many years has been a 
constant potential d-c reversing control 
combined with dynamic braking. Figure 
1b shows a view of the electrode motors 
used for controlling the electrodes of the 
arc furnace shown in Figure la. The mo- 
tor in this case is one-half-horsepower 
frame size. 

Quite recently electronic motor control 
has been developed and has proved suc- 
cessful on many applications where wide 
range of speed control and quick response 
‘is desired. It is possible to obtain many 
combinations of acceleration and speed 
range with a minimum of apparatus and 
almost instantaneous response. 
means for varying motor speed is differ- 
ent from the older method of varying the 
field of the motor and holding a constant 
potential on the armature. Instead, the 
field is held constant and the armature 
voltage is varied to give the desired speed. 


The — 


The use of electronic regulation and con-— 


trol of the type described in this paper, 
for electrode motors, eliminates moving 
parts in the electrical equipment up to 
the motor. At the same time it provides 
the necessary sensitivity and high speed 
of response. 

The electronic regulator includes a 
number of electronic tubes which take 
the place of relays and contactors to 
control the input to the furnace electrode 
motors. The power supplied to the regu- 
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‘Jator is taken from the available a-c line 


and no direct voltage is required from any 
separate source. The grid to cathode cir- 
cuit of the vacuum tubes constitutes the 
input of the device, while the output is 
obtained from the thyratron-tube cir- 
cuit. The principal grid voltages for the 
vacuum regulating tube include: 


‘1. A control voltage which serves as a 


reference against which the quantity to be : 
regulated is compared. 


2. A control voltage which is proportional 
to the quantity to be regulated. 


3. A self-biasing voltage connected in 
series with the cathode. 


For a high degree of accuracy, the 


various grid voltages should have com- 


plete control over the regulating tube 
without causing the tube to saturate 


. 


Figure 1a. Typical are furnace having elec- 
, trodes arranged for hydraulic positioning 


Figure 1b. Electrode control motors for the 
furnace shown in Figure 1a 
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fier. 


circuit. 


. MOTOR 


because of the grid swinging positive. 
The self-biasing resistor is designed so 
that the regulating tube will be working 
along the straight line of its saturation 
curve similar to that of a class A ampli- 
This results in a high degree of am- 
plification since an extremely small 


_ change of the grid voltage is ample to 
change the output of the regulating tube 
over a wide range. 


The speed of response of this type of 
regulating element is almost instantane- 
ous. There is practically a complete 


absence of any retarding quantity such 


as inductance which might delay changes 


of current flow within the element. 


Figure 2 shows an elementary schema- 


tic diagram of the regulating system. To 
simplify the diagram, certain details 


including grid balancing circuits, have 
been omitted. The grid control voltage 
of the regulating tubes, proportional to 


the electrode current, is taken from two 


Rectox rectifiers, which are connected to 
a current transformer in the electrode 
The grid control voltage, pro- 
portional to the arc potential, is taken 
jn a similar manner from the voltage be- 
tween each electrode and the shell of the 
furnace. In practice, when the furnace 
transformer breaker is closed, voltage is 
applied to the potential circuit which 


causes the output of tube number 1 to 


decrease. This in turn decreases the drop 
across potentiometer P1, supplying nega- 
tive grid direct voltage to tubes numbers 3 
and 4. When the negative grid voltage is 
decreased, tubes numbers 3 and 4 break 
down and start conducting, supplying 
full-wave rectified voltage to the elec- 
trode motor in the direction to lower the 
electrodes. 

When the first electrode strikes the 
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metal, the voltage drops to zero causing 
the voltage to be removed from the 


_ potential circuit, thereby allowing tube 


number 1 to increase its output, conse- 
quently increasing the negative grid 
voltage on tubes numbers 4 and 5, thereby 
blocking the conduction of current 
through these tubes. When a second 


electrode strikes the metal, current flows 
causing a voltage to appear in the current- ~ 


circuit which will place a negative grid 
voltage on tube number 2, thereby de- 
creasing its output. Tubes numbers 2, 
5, and 6 and potentiometer P2 will oper- 
ate in the same manner as tubes numbers 


1, 3, and 4 and potentiometer P1 did for 


the lowering operation., A voltage will 
then be impressed on the armature cir- 
cuit in the direction to raise the elec- 
trodes thus establishing an arc. As the 


arc is lengthened, its voltage increases and 


the current decreases until a balance is 
established between the potential and 
current grid control voltages. The third 
electrode is controlled in a similar manner. 

As the charge melts and flows down, or 
as the electrodes burn off, or the scrap 
falls against the electrodes, the balance 
between the control grid voltages is con- 
tinually being disturbed. WV 


change the voltage output from the 
thyratron tubes that supply the elec- 
trode-motor armature power. 

The variable voltage for the motors 
is obtained by superimposing an alter- 
nating voltage wave on the grid direct 
voltage of the main thyratron tubes. 
By displacing the a-c wave 90 degrees lag 


with respect.to the thyratron anode | 


voltage, the a-c wave will cut the critical 
grid voltage line at different points as 
shown by Figure 3, as the direct grid 
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Pe 


‘When this . 
takes place, the two regulating tubes 


ee Pel 


schematic diag 
of arc-furnace re: 


fc 


Diagram off phase-. 


voltage of the power tubes is either 
_ raised or lowered. This allows the — 
thyratron to conduct for varying portions 


of the half cycle. © 


-- A wide range of current adjustment is 
obtained by means of a rheostat shunting _ 


x 


Figure 4. Metal-enclosed electronic regulae 


tor unit 
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Figure 2. Simplified | 


lating system 


5 | 
Figure 3 (below). 4 


angleff firing‘ control — 
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in a A 
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the current transformer. This method is 
used since it maintains the same sensi- 
tivity for all current settings. 

Provision is made for controlling the 
electrodes manually, either individually or 
in a group. This facilitates handling of 


the electrodes during charging, pouring, — 


and changing electrodes. 
Figure 4 shows a front-view arrange- 


ment of the regulating equipment in a 


single metal-enclosed unit. A hinged 
‘panel. door is used on the front of the 
regulator cabinet to permit access to 
various tubes and their connections. A 
bolted rear plate is provided in two 
sections so that’ any one or all-of the 
regulator panels can be readily removed. 
The control panel is arranged for setting 
into the wall of the furnace vault in the 
usual manner. he 
The equipment is made so far as 
possible in one unit so that the various 
parts can be protected from dirt and 
physical damage. This also permits fac- 
tory assembly and complete test, up to the 
operation of the electrode motors. A 
‘minimum of external connections and 
erection time is thus required. 
Figure 5 is an oscillogram showing 
typical operation of the furnace during 
the melt-down period. This demon- 
strates the high speed of the electrode. 
 Unsustained sudden variations in cur- 
rent cause no extra action of the equip- 
ment, but sustained changes cause im- 
mediate response. It will be noted that 
the electrode is withdrawn at relatively 
high speed when a cave-in takes place. 
The start of the picture shows the 
electrode in comparatively stable opera- 
tion, then suddenly the are current is 
stopped indicating the arc has been 
broken. Instantly voltage is applied to 
the electrode motor to lower the electrode 
and re-establish the arc. Contact is 
made and the are is drawn out until the 
are voltage and current are returned to 
the desired quantities. The film shows 
this operation to have taken p‘ace in ap- 
proximately 19 cycles. It should be ap- 


preciated that during the melt-down 


period, electrical conditions change 
rapidly, necessitating more or less con- 
tinual electrode movement. 
Figure 6 is an oscillogram showing per- 
formance during a portion of the refining 
period. Here relatively small changes in 
current take place and consequently only 
small movement of electrodes is re- 
quired. Because of the inertia of the 
motors and electrodes, sudden-unsus- 
tained variations do not cause move- 
ment of the electrodes. 
Figure 7 shows a high-speed oscillogram 
taken during the refining period. This 
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Figure 7. High-speed oscillogram showing electrical performance of regulator during refining 
period 


- film shows quite accurately the high speed 


of response. The picture shows the start 
of an unbalance and in less than two 
cycles voltage has been impressed across 
the motor armature. In 11 cycles ,the 
electrode has been returned to its :de- 
sired position. 

Operating experience has shown that 
the quick response of this regulator is 
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particularly advantageous during melt- 
down periods when cave-ins frequently 
occur. The high-speed withdrawal of 
electrodes prevents breaker tripping due 
to sustained overload. 

The regulator described in this paper 
was designed for a furnace which requires 
relatively small electrode motors by rea- 
son of using counterbalanced electrodes 
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Formulas for the ae Teoninal Netiark: 


- Parameters of Uniform Ladder Networks 
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Synopsis: In the treatment of the over-all 

- behavior of a smooth transmission line, or 
uniform ladder network, one frequently 

_ wishes to deal with the commonly termed 

_ A-B-C-D parameters rather than the propa- 
gation function, to which the former are 
related by hyperbolic functions, and the 

_ characteristic impedances. However, the 
latter are the functions which are simply 

_ telated to the network components. The 
_ A-B-C-D parameters may be given as power- 
f ae expansions of the variable a, where 
Se ‘@=Zp Yr and Zand Y,7 are the respective 
‘ total series impedance and shunt admittance. 
* ‘ 
ai 


For the smooth line these are infinite series; 
_ but they are terminating series for the 
ladder network, the number of terms and 
the coefficients of the terms being functions 
‘of the number (MM) of elementary + or T 
sections of, which the network is composed. 
_ Formulas for these coefficients are developed 
_and they are given in several alternate forms. 


some relations among the coefficients of the 
x different parameters. One form for the 
coefficients is particularly interesting be- 

_catise it shows that each coefficient for the 

ladder network is the corresponding smooth- 
2 . line coefficient multiplied by a polynomial 
consisting of unity plus a polynomial in non- 
zero powers of 1/12. 
the manner in which the two coefficients 
approach each other as M increases; and 


lower bounds of the ladder-network coeffi- 
P cients, which may provide useful estimates 
ole Bete magnitudes. — 


f 
qt 


A The Parameters of Four-Terminal 
‘9 Networks 


HE general theory of four-terminal 
networks is well known and may ap- 
pear in any one of several forms, depend- 
‘ing on the combinations of external cur- 
5 tents and voltages which are to be related. 
is In the present discussion we are interested 
_ in specifying the sending-end voltage and 
2 current, each in terms of linear combina- 
tions of both receiver voltage and current. 
‘In the general case of Figure 1, which 
_ may be a nonsymmetrical network, the 
required relations may be written — 
_ E,=AE,+B'l, | \ a 
I,=C’E,+DI, 


Also included are recurrence formulas and - 


This puts in evidence _ 


By also leads to easily computable upper and - 


where the notation is that of the figure 
and A, B’, C’, and D are constants of pro- 
portionality. (The primes on B and C are 
used here merely to allow a uniform nota- 


tion in the final results.) The theory of 


smooth lines and recurrent ladder net- 
works is usually given in terms of the 
surge impedances (two in the case of a 
nonsymmetrical network) and the propa- 


gation function. However, this is an arti- 


ficial point of view when one is interested 
in the over-all behavior of the circuit, 
considered as a four-terminal network, the 
parameters of equations 1 being more suit- 
able. - 
quent discussion to compare the formulas 


_ for the ladder network with those for the 


smooth line. Therefore, we begin by put- 
ting the smooth-line parameters into 
forms suitable to our purpose. 

lowing relations ate well known: 


= (cosh a) E,-+-V Zr/Yr(sinh - 
. =V Vr/Zx(sinh a) Ey +(cosha)I,f “yy 


where Zrand v rare respectively the total 


series Pee and shunt admittance 


of the line, and a? = Ta Yr. The param- 
eters of relations 2 may be put into our 


final form by expanding cosh @ and sink a 


in McLaurin’s series, giving 


A(a) Eee | ] 
=1+ Setar ai (a) 
Bila) Gz 5 
at a t @) 
=Zr MASAO eT eat (b) 
C'(e) = Vr sinh a | 
=(Yr/Zr)B"e) 5. (6) 
_ D(a) =A(a) i (d) } 


It will be useful to introduce the notation 


B(a) =B'(a)/Zr 


a at af 
Ca) =C"(a) ee aur Ge era 
) (4) 


for future use. 


A(a) = dotaia?+azat+ .. ee aon, 
Bla) =bo+bia?+bra*+ .. -Dsya?®? 
283 


D(a) =dy+dio2+drat+ ...dga 


: eerie af thie cdaee 


Occasion will arise in the subse- 


The fol- 


when the network is specified by its 


- Turning toa consideration of the 
ER let us ike iat — 2) 


cuits the parameters will be. of =e fone 


=cotcia®tcorat+ ...Cg.a 


C(a@) ae 
The a, b, c, and d coefficients are function 
of the k factors and it is further shown in — 
Appendix if ain when beg two Saehigh: 


figure; oes 


A,=D, 
C,= By 
Da =A, 


es in view ie dak it = ; 
necessary to apply the future treatment to — 
only the series-terminated network be- — 
cause the solution for the corresponding — a 
shunt-terminated circuit will be tacitly — 
included. We will we re with a uni- 


pose ‘A= Ds 


The ieee Ladder Network - 


This discussion will apply ‘to a ladder 
network consisting of M T sections with 
midseries termination. Such a circuit 
may be represented by Figure 2a in which 
kj =ky=1/2M and all other k’s are equal 
to 1/M. In similarity with equation 2, — 


characteristic impedance (Z,) and propa- 
gation function (y), we* have the well- 
known relations — ‘ 


SS ee 


4 


E,= (cosh My)E,+Zo(sinh My)I, | (7) 
=(1/Zy) (sinh My)E, +(cosh My)I, “9 
Thus, for this circuit Riel ats 
Ar(a)=Dr(a)=coshMy (a) 
Br(a) =(Zo/Z7) sinh My Kb) AS) 


Cr(a) =(1/ZoY 7) sinh My (e) 


‘Paper 44-05, seeatanichded by the AIRE com-~- 


mittee on basic sciences for presentation at the 
AIEE summer technical meeting, St. Louis, Mo. oy 
June 26-30, 1944. Manuscript submitted Decem- 
varie 1943; made available for printing May 4, 


Witsur Resp LePacse is in the radiation labora- 
tory of Johns Hopkins University, Baltimore, Md., 
and is on leave from the Radio Corporation of 
America, Indianapolis, Ind. 


' and hydraulic lowering and raising 
means. It is evident that the output 
energy of such a regulator depends on 

_ the rating and size of the electrode motor. 

_ The size of the furnace having balanced 
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electrodes which this type of regulator 
can handle depends therefore on the 
energy requirements of the electrode 


motors. For other types of furnaces 
certain changes in design would be re- 
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quired such as braking means for the — 
motors. In the application described 
this has not been found necessary, thus 
resulting in simplification of the regu- 
lating equipment. 
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_ The T subscript on A, B, and C is used to 


indicate that the network is made up of 


T sections. Furthermore, Z) and y are 
. given by! 
 aV 4M pe 
pha cheat ies PN Ba! 
e 2Vr7M (a) A 
; pea ae Bess 9 
(at 2 
» VAM Febta os 


_Ar(a)= 


[Gai 


et = 
V4M+ ofa 


In view of relations 9, and with some re- 
duction after substitution in equations 8, 
we obtain 


(4M?+ a2) ) 
2(4M2)™ 
Pee 


lens 


me) | 


_ (42+?) M+1/2 
Bete) = amy aMy™ 


ron a 


e 2M 
¢ Jas) | m 


M(4M2+02)¥¢- 1/2 
a(4M2)¥ 


(ee) 
tye) | ol 


a 
(: V4MP+ a? 


(10) 


The binomial theorem may be applied 
twice to finally arrive at a power-series 
‘representation of equations 10. The de- 
tails of the conversion are given in Ap- 


pendix II, and the results are 
M 
A 7(a) = > aya (a) 
R=0 
M si wt 
Br(e) = >> bya (b). > (11) 
A=0 
' M1 
Cr(a) = ys, cya® (c) 
h=0 
_ where | 
&) Cee (2M)!\(M— —n)! (a) 
% ~ (2M) (2M —2n)|(2n)!Xx 
1 boa AO —n)! 
® (@M— 1\(M=n)! 
b= @MPeM—an—pix | 
Bo8 Ga YM EX? (12) 
‘ (A—n)! 
A (2M—1)!\(M—n-1)! © 


an Lem eM— 2n—1)!X 
CR (2n-+1)(M—r— 1)!x 
(A—n)! 
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tions 3a and 4. That is, the coefficients 


The preceding expressions are cumber- 
some but may be reduced to the following 
simple forms by the method indicated in 
Appendix III. The forms are: 


{ 


106.9 (b)) 3) 
are vai (©) 
where 
Ka(M, Pe aes (a) 
K,y(M, Soccer (b) (14) 
(M+)! . 


M>“(M—r—1)! 


Equations 13 have been written with the 
factorials in evidence to bring out the 
similarity with the corresponding coeffi- 
cients for a smooth line as given by equa- 


for a uniform ladder network are the 
corresponding coefficients for a smooth 
line multiplied by correction factors which 


_ are given explicitly by equations 14. 


" Relations Among the Coefficients 


_ The similarities among formulas 14 
leads one to look for useful relations 
among them, and the following recur- 
rence formulas are immediately apparent. 


xaator-[-(F) pe | 
al ’ )= a M x 


Kq(M,r—1) (a) 


t (15) 
2 Ky(M,— 1) (b) 


_ pressing it in terms of K,(M, X). 


In view of the complexity of equation 15b 
a possibly more useful form for Ky(M, d) 
is desirable, and may be obtained by ex- 


completeness a similar form is given for 
K.(M, ). The results are self-evident 
from equations 14, and are 


Ky(M, d) -(1 +58 ota d) (a) 
(16). 


r2 
K.(M, »=(1 ~ Mica, ») (db)! 


Other relations can be found among the 
but, because of their par- — 


‘coefficients; 


495+4 


=: pees 
S cof | AB O50 4c) tee Gael 


Figure 1 


Fors 


ticular interest, only the following ones will _ 
be given. By writing equation 16b with — 


A replaced by \X—1 and substituting the - 
resulting expression for K,(M, \—1) in 
- equation 15a one obtains the simple rela- 


tion 


K,(M,»)=K,(M,X=1) 


4 
- 


’ 


anes 


z ‘ is a 
Two less obvious relations may be ob- _ 
tained by starting from fundamental — 


equations of the network. From equa 
tions 8 and 9 one may obtain 


B=(1+a?/4M?)C 


This is an identity and therefore when B 
and C are replaced by their series’ repre- 
sentations the corresponding coefficients 


as) 


& 


wf 
| 


of a given power of a, on the two sides of 


the equation, must be the same. Inspec- 


tion shows that this leads to the result ~ 
: ; 

by = Ont Cv-1 

defined as zero. One obtains the second 


of these two relations by starting from 
the well-known formula? 


ae % 
A*—1l=a?BC= tec )e 20) 
K.(M,»-1) (c)J 4M? — 
Table | 
x K,(M, d) or *K.(M, A—1) Kp(M, d) 
UR erties Cicie PaGehs Citic res aeons ey OE Dg cia @iainrers, Leake apeteisiey steve wyaits tp lectasiedint ts] MLN Aatieti «een: 1 
1 
LUIS ie Bata RE eR cls SEO aie IG Ace Rn 4 RE a OOOO Da agis OO eT OU no ero + 
L aes 
Dee REM Teh Oud cack Siete ai ctei eel eee mos eaTE Pe MES LOS a eI ureter Toe 1 Ma 
’ 5 4 is 7 & 
eile aie, cr ab kc at aN TA Pe Sn, aha aTEr sleeves oueips ha geel 1 aPe pein Ohl siete 3M? 2Ms ue 
14, 49 36 1 12 21 6272 
4 wee eevee seer evo e wees ee se ses ge MTT VMs Me Par a Me Mi Ms Ms 
30 , 273 820 576 fk, 198 275 _ 1,474 , 1,440 
5 tae Bey Ae oA be Be 6's 6.4 te 1 Ty ae Ms Me a ee ee 2M? Mi 2Mé6 “Mio 


* This has no meaning for \=0. 
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(19) 


which is valid for all values of Nifc—,is 


; 


a 


» 


 K.(M,»)= (6-3) 
=I 


_ new formula for K,(M, d). 


kiZr K3Zr 


Ky-1Zt 


Gy 


x Figure 2 


As in the previous case, one may sub- 
_ stitute series for A and C and equate co- 
.efficients of like powers of a to give the 
~ formula ; 


=X=-1 A—2 
ee ae “Lert Gal Cglh—2—q 
q=0 q=0 


(21) 


These last two relations (19 and 21) are 
superfluous so far as numerical computa- 
tion is concerned but they are included 
for possible academic interest. 


Additional Forms for the Coefficients 


Neither of the forms so far given; in 
equations 12 or 13, for the coefficients 


gives a clear indication of how they vary 
_ with M, at a fixed value of \. A better 


“form, in this respect, may be obtained for 

K,(M, ) and K,(M, d) by the successive 
use of formulas 15a and 15¢e, and for 
K,(M, d) by applying equation 16a to the 
The algebra 
of this transformation i is self-evident, and 
~ the results are 


El amb 
fall, )= BO) Seely 


| . Eat: r) =(145%,) 
Xe yo es + (22) 
Ws) (b) 


_ From these it is seen that K,(M, d) isa 
polynomial in even powers of 1/M, the 
powers ranging from zero to 2\—2, in- 


_ clusive; and that K,(M, d) and K,(M, d) 
_are similar, but with even powers ranging 


from zero to 2X, inclusive. Some of these 
polynomials have been computed and are 
given in Table I. It is interesting to note 
‘that equations 22 put in evidence the fact 
that a and 6) are zeroif \>M; and that 
¢ is zero when A>M—1. The form of 
equations 22 is particularly useful because 
it allows one to estimate the coefficients 
in terms of upper and lower bounds which 
may be obtained from the relation 


e+1\?" ae 
LG Te 


ft) -(2)7 
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<1 (23) 


B<M 


in which n=0 or 1, depending on whether 
6 is even or odd, and [8/2] is the greatest 
integer in 6/2. The derivation is given in 
Appendix IV. Taking the right side of 
this inequality allows one to write 


<I (a) 
1 
n<(1453 aa) OI (b)) (24) 
1 
Cae OEE (c) 


which is interesting because the reciprocal 
factorials are the corresponding smooth- 
line coefficients. 

The a, b, and c éoeficients can be given 
in still another form, in terms of the hyper- 
geometric function F(r, s, t,x). When x= 
1 this function reduces to* 
r()r(t—r—s) 
r(ié—s)T(¢—7)’ 

if real part ((—r—s)>0, 


Bestel) — 
(25) 


which may be used to represent any one 
of the expressions in equations 14 by suit- 
able choices for r,s, and t. The following 
results are given for combinations of 7, s, 
and ¢ which reduce the multiplying factors 
to simple forms; but other choices would 
be possible. The correctness of the choices 
will become evident upon making the 


indicated substitutions. The results are 
1 
a= 12 See M+», 1-— 
: 2X, 2,1) (a) 
2M?2+2r 
BR ee OR TS zs 
4PM o ee : 1 (26) 
2A,3,1) (b) 
1 
OF Ty F—M-+4, —l-— 
Qh dedi Xe) 
Conclusions 


In view of the mathematical form of the 
results the formulas themselves are their 
most concise representation and only a 


few interpretive remarks are considered © 


necessary. In the use of these results it is 
to be remembered that, as given, they 
apply to the midseries termination; but 
_ that the midshunt-terminated case is rep- 
resented if B and C are interchanged. Of 
the several forms given probably equa- 
tions 14 and 22 are the most important. 
If all the coefficients are to be found, 
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‘equations 22, or the recurrence fo 


near M) and the required accuracy does 


- specified in terms of the driving-point and 4 


a Ceca 5 
‘ e& 


which are practically the equivale 
be found to be the more conven: 
However, if only an isolated coeffi 
wanted it may be computed more 
veniently by employing equations 14 
conjunction with tables of logarithms 
the factorials, or orntine Ss approximation, i 
which is 


logion! = (n+1+/2)logion — mlogwe+ , 
 C/2)logio2x - en 


from the Atecretne standpoint Tt hae 3 

already been pointed out that this form 
puts in evidence the number of nonzero 4 
coefficients in the series for each parame- 
ter. The form also leads to relation 23 — 
which will yield a quick estimate, of a 
coefficient and may therefore be useful 
when M and ) are large (but A not too — 


not necessitate the more extended com- 
putation of the exact formula. This 
equality also leads to the interesting re-_ 
sults given in relations 24; namely, that 
the coefficients or the'A and C parameters 
are always less than the corresponding — 
smooth-line coefficients, and that, for the - 
B parameter, the ladder-network coeffi- — 
cients are less than (1+1/2M) times the a 
corresponding smooth-line coefficient. ; 
The treatment has’ been entirely in — 
terms of the A-B-C parameters. However — 
the four-terminal network may also be j 


transfer impedances (or admittances). 
The results are readily extended to give 4 
the latter parameters as rationalfunctions — 


of a” because the two types of parameters . 


are related by simple rational forms. — 
This ability to easily write the parameters _ 
as rational functions would find practical f 
application where one is required to find 
the zeros or poles of these functions (or 
tational combinations of them), with re- 
spect to the variable p=d/dt, because ex- 
plicit means are available for finding the 
zeros of a polynomial. It is well known 
that such zeros and poles are of impor- 
tancein circuit analysis. Inrelation to this 
discussion it should be noted that a? is a 
rational function of » when the network 
consists of lumped elements. 


Appendix l 


For the network of Figure 2a we may 
write the (V+1)/2 mesh Se lckag ac 


E,Yr=I,(¥ia?+1/ks) —Ig/ko 
O= —I,/Ro+I3(1/ko+ 
kgo?+1/ks) —I5/kes 
0=—IyafkyathO/eeak | 
kya?) +E, Yr I 
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where the numbered currents are the mesh 
currents which are numbered to correspond 
to the series impedances through which they 
flow. Figure 2b may be given a similar 
treatment,. but on a nodal basis,* with the 
result which follows: | 


4I,Z7 = E,(kia?+1/k2) — E3/ke 
O= —Ey/ko+E;(1/k2+ ; ; 
Rga?+-1/ks) — Es /ka 


(29) 


kya?) +1,Z7 


In these the voltage subscripts refer to the 
nodes at which the shunt elements having 
the same subscripts are terminated. It is 


seen that these two sets of equations are 


identical with respect to the k’s and a, and 
are dually related with respect to voltage, 
current, impedance, and admittance. Equa- 
tions 28 may be solved for FE, and IJ;, in 
terms of EH, and J,, and the solutions are 


E,=A (ce, ki, ke, ...) E+ 
ZBa, bike , | (gy 
TS 2 Cle, bi, ba | JE, . 
a NCA tee) : 


where A, B, C, and D are polynomials in a, 
the coefficients of which are functions of 
the k’s. The above-mentioned relation be- 
tween equations 28 and 29 shows that the 
solutions of equations 29 are 


-I,;=A(a, ki, ko, .. .)Ip+ 
: _ YrB(a, Ri, Ro, «. 
F,;=Z7C(a, ki, ho, oa I+ 
D(c, ku, ke...) Ex 


Relations 6 follow from a comparison of 
equations 30 and 31. 


Appendix II 


The method used to arrive at the for- 
mulas for A, B, and C for the uniform ladder 
network will be given by the use of A as an 
example. The same procedure was used 
for Band C. We start by expanding each 
of the binomials of equation 10a by the 
binomial theorem. The signs are such that 
odd powers of the argument cancel and we 
obtain 


)E, re 1) 


(2M)! 


+e hi tet 
(2M —2r)!(2r)! 


(4m2)™ 


TrT=0 


(a2)"(4M2+02)"-" (32) 


The binomial expansion may now be applied 
to the last term in the summation, giving. 


M 
; (2M)! ft 
te y ace Sane - 
; -r=0 
SN (iol oP at Nt 
(M—r-—s)\(s) (aaa) ges 
s=0 
which may be written as - 
= (2M)! | 
2M)! 
ae . 7 es arate 
r=0 
eon cule (ae). (34) 
(M—r—s)!(s)!\4.M? 
s=0 
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(x) = (1x2) PA 2)? = 


This is conveniently transformed by chang- 
ing the summation indices to r and u, where 
“u=r-+-s, resulting in 


1a = @M)(M—n! 
Y bres 


rT=0 


M 
ib ( a ie (38) 
; (M—u)!(u-—r)'\\2M 


u=r : 


The above may be rearranged by factoring 
out the various powers of a. For example, 
let \ be a particular value of u, it being 
obvious that \ may be between 0 and MM, 
inclusive. For this value, one coefficient of 
a?* will be obtained for each value of 7 in 
the first summation for which \ =r, because 
the lower limit on the second summation is 
r. Thus, 7 may be replaced by another 
index () which runs from 0 to’X, inclusive, 
and the result is as given by the combina- 
tion of equations lla and 12a. 


Appendix Ill 


An outline of the complete proof for the 
reduction to forms 14 will be given for ay. 
The usual notation for a binomial coeffi- 
cient will be used, namely 


(%) ee 
Gq} ql(p—q)! 
In this notation we are to prove 


2° M(M+2r—1)! 
(2d)!(@—))! 


n=0 


The method is to write the function 
foe) 


q 


Ggx 
(37) 


q=0 
and obtain two expressions for G2, one 
which will be the left side of equation 36 and 
the other which will be the right side. The 
function is analytic and the series converges 
when |«x|< 1. With some manipulation for 


the first of the following forms, and directly 


for the second, one obtains 


i @ 


(1 =x) —_ : ers (a) 


r=0 


2M 
a+) = > te \e (b) 


s=0 
(38) 


Gor is obtained from equations 38 by sum- 
ming the product of the general terms of 
these two series over all values of 7 and s 
such that r=0, OSsS2M, and 27+s=2). 
Thus, s must be even, say 27, and therefore 
r=\—n. With the substitution of these in 
the general terms of equations 38, and tak- 
ing their products, one arrives at the left 
side of equation:36. 

The second part of the proof is obtained 


from the Cauchy integral formula for 
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@) (0) /(2A)! (the McLaurin-series coeffi- 
cient of x4). This formula is 


1 $(x) 
G2 = Qn f 2+ ox 


where C is a circle of radius less than unity, 
with its center at the origin, and over which 
the integration is to be in a counterclock- 
wise direction. The integral is easily evalu- 
ated by employing the change of variable 
*=1/u which results in 


(39) 


i oe 
= M4+-d— —7\—Mer— 
G2 = a f meth (esl eee 
(40) 


taken counterclockwise about the origin on 
a circle of radius greater than unity. The 
integrand hasa pole at w=1, which is inside 
the path of integration, and is analytic 
everywhere else inside the path of integra- 


tion. Hence, G2 is the residue of the inte- 


grand at u=1. The Laurent series for 
y(u), the integrand, may be shown to be 


M+h-1 


, : M+rA-1)\ 
y(u) =2¥+r-1 a r )x 


7=0 - 
(u = nD nase aed ag x 
M+)-1 . fh 
Ds M+ r-1 ey 
al ay Jou 1s (41) ‘ 
- r=0 ; 


The residue is the coefficient of (w—1)7}_ 
and is obtained by putting r= /—) in the © 
first sum, and r=M—)—1 in the second. 
The resulting form is readily reducible to 
the right side of equation 36. 

Similar proofs may be given for equations 
14b and 14c. In both cases one finds two 
formulas for the coefficient of x*! in the _ 
expansion of $(x); but in the case of equa- 
tion 14¢ the function (1—x?)-* is sub- 
stituted for (1—x?)—“+4—1 in (x). 


Appendix IV 


To arrive at relation 23 observe that the 
continued product may be written 


i(-2)-L-aY 


n=0 
B 
=s—l1 2 
rT (2-4), 
n=0 i= M 
B+h aM 
tole (42) 
M 


where ‘ 


if 6 is even, 7=0 and A=n+1/2 
if Bis odd, n»=1 and A=u+1 


and the brackets on 6/2—1 indicate the 
greatest integer in 8/2—1. The continued 
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Improved Selective Tripping of Low- : 
Voltage Air Circuit Breakers 


CHARLES P. WEST 


MEMBER AIEE 


INCE the first devices for interrupting 
short-circuit currents in electric sys- 
tems were invented, the problem of 
having them operate to clear faults with- 
out removing energy from normal circuits 


has existed. Many devices, both separate - 
and as parts of the interrupters, have 
_ been developed and good results obtained. 


Systems having potentials below 600 - 


volts alternating current normally use 
air interrupting devices designed particu- 


larly for this service. 


The normal utilization of a-c power 


in industrial plants or generating station 


auxiliary circuits where the average indi- 
vidual load is less than about 75 horse- 
power is at 600 volts or less. Occasional 
larger loads and groups of smaller loads, 


switched as units, require a considerable 


range in both current-carrying capacity 


and interrupting ability of circuit break- 


ers. The standard devices available 


og have current ratings up to 6,000 a-c am- 


‘peres and 100,000 amperes interrupting 


rating. Larger units have also been built 
to a limited extent, : 

When a large number of small loads 
are supplied, the total power required 


' determines the size of the generating or 


transforming apparatus and thus in- 


directly the values of fault currents. 
Even though individual loads may be 


bs Paper 44-158, recommended by the AIEE com- 


mittee on protective devices for presentation at 


the AIEE summer, technical meeting, St. Louis, 


_ Cartes P. West is 
_ engineering department, Westinghouse Electric and 


Mo., June 26-30, 1944. Manuscript submitted 


_ April 14, 1944; made available for printing May 


18, 1944. 
Manager, switchboard 


Manufacturing Company, East Pittsburgh, Pa. © 


small, 


high interrupting tequirements 
may dictate the use of relatively large 
circuit breakers. They may become so 
large that their cost is out of proportion 
to the motors or other devices to which 
they supply power. The economics of 
low-voltage system design, therefore, 
require circuit arrangements which will 
permit the use of the smallest possible 
switching devices. At the same time, 
selective isolation of faults is highly de- 
sirable. However, 


partially sacrificed in special circuits 


arranged to permit the use of circuit 
breakers in duty above their interrupting 
ratings (cascading). New developments 
in built-in tripping devices will provide 
full selectivity without the use of separate 


.telays in normal breaker applications and 


increase the ranges of reliable selective 
tripping in special circuit arrangements 
in which breakets are applied whose in- 


terrupting capacities are below the value 


of maximum fault currents. 


_ Selective Tripping With Breakers 


Having Full Interrupting Ability 


Circuit breakers supplying power to 
loads should operate to clear only faulted 
circuits and not interrupt energy to other 
parts of the system. This requirement 


can sometimes be modified, but in cir- 


cuits for essential central-station auxil- 
iaries and certain industrial processes, 


maximum continuity of service is essen- 
This means, referring to Figure 1, 


tial. 
that breakers A, B, and C must have 
interrupting capacity fully equal to the 


product on the Aut side of equation 42 


may be written 
a7 


0 E 
’ n=0 


B2+26+1444? z 
2M? . 
(6?-+-268-+1—4 A?)? 
a ee (4S 
16M4 cee) 
A lower bound of this quantity may be ob- 
tained by neglecting the third term and 
assigning to A its largest value, namely 
(8—1)/2 in each case. Similarly, an upper 


bound will result if 4A? is neglected in all 
terms. These substitutions, by eliminating 
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the variable 7, permit the substitution of an 


exponent for the Product, and readily ae 


the results Bites in relation 23. 
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this is frequently 
time current ratings were assign 


ducting material in the contacts is 


_ ever, the maximum values possible 


_ lower compared to the interrupting cur- 
‘rent rating, than has been the case with — 


_and instantaneous tripping above this 


: short-circuit protection only on power | 
; 
4 


current to Se ee will bare stt 
These distinctions, as compared 
special se: aN wiih. di 


cbiaBala: should ‘be kept in 
throughout the following discussion. 
The gan? wees from sel 


eae Be Acai iad tai dev: 
meet them. These are usually protect 


what different, The Jaeds of all: ma: 
facturers have almost uniformly in- 
cluded instantaneous trip attachment 
operating at 15 times normal current 
ratings below 2,000 amperes and 1 
times normal above this value. No short 


This has meant that the amount of 


tively less than has been considered nece 
sary in high-voltage designs. Moves 
now under way to assign short-time ra 
ings to all low-voltage breakers. How- — 


existing breakers, for reasons just & 
plained, probably will be somewhat 


high-voltage power breakers. This must 


be taken into consideration in applyir 2 


breakers where intentional time delay 

tripping is introduced to obtain selec- 
tivity and affects cost as compared to the 
cascade arrangement described in de 
later. 


When breakers B and. C are in separate 
structures and connected by cables, the — 
problem of protecting these cables enters 
the picture. A relatively long tripping 
time is desirable, operating at the cable f 
current capacity, a shorter tripping time 
within the short-time current rating 
of the breaker is needed for selectivity 


current. Present commercially avail- 
able self-contained tripping devices offer 
only the time characteristics of oil dash- 
pots or thermal devices and these, at — 
best, are questionable. Protective relays © 
offer the best available means for ob- — 
taining the tripping time values necessary 
for these various current values. 

Many engineers are satisfied to have 


supply cables on the basis that they are 
protected from overloads by the feeder 
breakers. This is sound practice on a 
properly designed distri suoe By tears 


‘ 
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but there are arrangements where the 
best planning cannot eliminate the haz- 
vard of overloading. In these cases, dis- 
-criminatory tripping must be provided 


or continuity of service partially sacri- 


ficed. 

The application af relays for obtaining 
selective tripping with suitable breakers 
on the basis of time discrimination is well 
understood and only self-contained: trip- 
ping devices will be considered here. 


Cascaded Breakers 
If we refer again to Figure 1 which 
illustrates typical circuits, it is evident 
that if breaker B and one of the C break- 
rs both open at substantially the same 
time to clear a fault, the interrupting 
duty on C will be materially reduced. If 

_ tripping devices are supplied for B so that 
this will always take place, then a smaller 
breaker can under certain conditions be 

_ used in position C than would have been 
possible in the circuits described pre- 


viously. A similar relation exists be- | 


tween breakers A and B. This often 

_ results in a material saving in the cost of 
' circuit breakers. The advantages, limi- 
tations and conditions determining the 
selection of interrupting devices in cas- 
_eade circuits of this kind will be con- 

sidered. 

Manufacturers have recognized the 

_ advantages of this arrangement and have 
approved special cascaded circuits as 
covered by the following definition in the 

_ National Electrical Manufacturers Asso- 

ciation Standards, 

“Cascading is the application of‘ air circuit 
breakers in which only the breakers nearest 
the source of power shall have interrupting 
ratings equal to, or in excess of, the obtain- 
able fault current while, breakers in suc- 
ceeding steps further from the source may 


have successively lower ee oe rat- 


ings.” 


“The relative allowable reduction in in- 
terrupting rating of the breakers in suc- 
cessive steps is limited as follows. Group 
- breakers B may have 50 per cent of the 


interrupting requirements of main breaker 
A and branch breakers C in turn may | 


‘have one-third the rating of the main 
breaker which must be able to open on a 

_ standard duty cycle the maximum fault 
current which the power supply can de- 
liver. Cascading is limited to three 
steps of interrupting rating. In many ap- 
plications, this represents a great saving 
in breaker cost as compared to an jn- 
stallation in which all devices have full 
interrupting ability. However, it must 
be realized that this saving is not ob- 
tained without some risk and sacrifice 
in over-all performance. 
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The main and group breakers must be 
free to trip instantaneously to afford 
maximum protection to the smaller 
branch breakers which are allowed to be 
of reduced interrupting ratings. This 
requirement is the all-important and defi- 
nite difference between cascaded and 
similar circuits previously described in 
which all breakers have the same full 
interrupting ability and selectivity of 
tripping depends on time discrimination. 

The instantaneous tripping devices of 


the main and group breakers must be 


[No 
bs C $10 LoADs 
7 yay 
+2 
[“™ 
i owe. 
[IN 


Figure 1. A common arrangement of low- 


voltage breakers 


set at about 80 per cent of the interrupt- 
ing rating of those in the next lower step 
in the cascade, This margin is necessary 


to allow for some manufacturing vari- 
ances and to insure that the speed of 


opening will not be too slow at currents 
just over the interrupting ability of the 


breaker in the next lower step. These 
trip calibrations mean that faults on 
' load circuits may open the group or even 
the main breaker depending on whether . 


the current reaches the trip settings 
of these devices. This limitation is funda- 


‘mental in the cascade arrangement and — 
must be accepted as one of the offsetting 


factors against the savings in equipment. 
At present, low-voltage air breakers 
have no published short-time current 


ratings. These are being determined by 
“—) Figure 2. A typical 
¥ cascaded power supply 


to motors listing the 
breaker characteristics 
co-ordinated me- 


be , C. for . 
~—(W) chanically -timed trip- 


qn Red ping 


ao 
= 


Breaker A Breaker B Breaker C 

Current rating, am- at 

DekeSe usta Seuraen WV GOOs. wae tO00g v2, 50. 
Interrupting rating, — ne. ‘ 

AMPSLEScaianeneusielans 50,000 ...25,000 ...15,000 
‘Half-second short- ; ‘ 

time rating, am- ‘ ; 

PEleSs sv cigs cs. ome 25,000 ...18,000 ...10,000 
Instantaneous trip ; 

setting, emperes....20,000 ...14,400 ... 500 
Time-delayed trip 

settings, seconds. . O.4..% O25. * 


* Thernidt time delay set to allow motor starting and pro- 
vide motor overload protection. 
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_ the cost of future low-voltage designs 


2, In the cascade arrangement, with suc- 


test for existing designs and will soon be 
announced. When this takes place, the 
tripping devices on main and group 
breakers may be set to allow delayed | 
tripping up to their short-time rating 
with instantaneous opening at currents 
above this figure. It is apparent that 
better continuity of service and selective 
isolation of faults will be obtained under 
these conditions. However, there will 
still be many conditions in cascaded cir- 
cuits having breakers with successively 
reduced interrupting and short-time rat- 
ings where opening must be instan- 
taneous. va 
At this point, it bool be noted that “4 
the short-time ratings which can be as- — 
signed to low-voltage breakers designed 
for instantaneous opening on 12 or 15 
times their continuous rating will have to _ 
be materially lower than their interrupt- 
ing rating. This does not parallel the — 
situation on higher-voltage circuit break- — 
ers where short-time ratings equal Onin 
occasionally exceed their interrupting | 
ratings. Itis also very doubtful whether _ F 


—_ 


should be increased to provide higher 
short-time ratings. Most applications can im 
be satisfied with present constructions — 
and an increased number of standard 
ratings is not economically , desirable. — 
The requirements of a few applications — 
should not burden all the others by — 
dictating high short-time ratings in all ys 
standard designs. 

A reference to Figure 1 will make it 
evident that: 


’ 


1. Breaker B must open instantaneously 
when its short-time rating is exceeded. 


cessively smaller steps of interrupting ca- 
pacity and short-time ratings, close-in faults — 
on feeders may exceed the short-time ratings 
of the group breaker. 


alway possible. 


A further condition applying to na) 
caded breakers is the restricted duty 
cycle which is imposed. A breaker oper- _ 
ated within its rating is allowed maxi- 
mum-current ‘‘O” and “CO” operations — 
separated by a two-minute interval and 


should be able to carry rated load after — 


as 


such openings. Breakers operating above 
their rating in a cascade circuit are re- % 
stricted by requiring inspection and 
possible maintenance after each opening 
on fault current. This means that it is a i 
not safe to reclose cascaded breakers, 
even once, without inspection if two in 
series have cleared a short circuit. The 
smaller breaker might be damaged so te 
that, even though its contacts completed 
the circuit, they would not safely carry __ 

h 
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TRIPPING TIME SCALE ~SECONDS 


_ arrangements. 


illustrate such conditions. 
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Figure 3... Time- 


integral — 
cally delayed trips 


VARIABLE 


The horizontal lines 
represent time bands 
of appreciable width 
and must be sepa- 
rated approximately 
as shown | 


a 


a 
wn 


load sean Inspection is necessary 
after each fault opening when breakers 
are applied with inadequate interrupting 
ability as in cascaded circuits. 

To sum up the case for cascaded 
breaker circuits; on the affirmative side, 


breaker expense is often materially re- 


duced; on the negative side, continuity 
of power is partially sacrificed, increased 
breaker maintenance may be expected, 


and a more limited duty cycle is specified 


for most of the breakers. Cascade ar- 
rangements applied with a full under- 
standing of these conditions should 
prove satisfactory. 


Cascaded Breakers With 
Selective Tripping 


_ New definite-time tripping devices are 
being developed which will give breakers 


_ so equipped equal or better selectivity 


than is obtainable with relays, and will 
also improve the operation of cascade 
Tests with as many as 
three breakers in series have shown ac- 
curate selective tripping with a maxi- 
mum time setting of less than one-half 
second on the largest breakers. The dia- 
gram, Figure 2, has been prepared to 
This arrange- 
ment of breakers will provide instan- 
taneous tripping in the ranges required to 
permit a cascaded circuit with the allowed 


reduction in interrupting rating in each 
_ breaker step farther from the supply. 


The consequent economics are realized 
and the new tripping devices will func- 
tion to give all the selectivity which the 


chosen breakers will permit. 


\ 
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Let us now review the operation of this 


cascaded circuit under a number of fault — 


and load conditions. Assume motor 17 
has a full-load current of 50 amperes. 
Breaker C will provide the usual thermal 


protection. It will open instantaneously 


on a motor fault exceeding ten times nor- 
mal or 500 amperes. If the fault is over 
15,000 amperes, that is, above the inter- 
rupting ability of C, breaker B will open 
instantaneously to back up C and so on 
up through the current range and breaker 
series. If the fault is below 15,000 am- 
peres but for some reason breaker C fails 
to clear, breaker B will still open in 0.2 
second. If it, in turn, should not inter- 
rupt, breaker A will open in 0.4 second. 
Faults which occur areata in the cir- 
cuit will: 


1. Open the nearest breaker. 


2. Open the next larger breaker instan- 
taneously if its assistance is needed for 
interruption. 


3. Open the latter breaker in a slightly 


longer time if the current is within the - 


interrupting ability of the first breaker, 
but it has failed to clear. 

4. Open succeeding breakers in a similar 
manner if needed. 


Reference to Figure 3 will show the cur- | 


rent and time charapteriatics which give 


_ these results. 


Considering the time intervals during 
which breakers will be subjected to high 
fault current in this arrangement, breaker 
C would be a thermally tripped breaker 
with a self-protecting instantaneous trip 
set at 500 amperes, breaker B would be 
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} 


- selective tripping gives discrim: 


usually justify this. 


without the use of relays and shunt 
coils. 


selectivity could be obtained with b 


breakers and the limitations of this 


set to open in 0.2 second on 
to 14,400 amperes, 80 per cent 
time rating, and breaker A wot 
to trip in 0.4 second, up to 20, 000 
peres, 80 per cent of its half 
rating. This allows each breaker, f 
vided its short-time rating is not 
ceeded, to hold in a sufficient time 
the breaker next lower in the ca: 
to clear. This ensures that all bre 
adequate to carry fault current arisin 
from a short circuit remain closed te 
others trip. 

It is evident that the above degree of 


opening up to the capacity of the 
ers in the cascaded circuit. No b 
selectivity is possible with breakers 
plied in accordance with standard 
cading practice. However, there m 
be fault current values where group 
breakers occasionally open and de-ener- 
gize unfaulted circuits. The savings di 1e 
to the use of smaller breakers 
However, a si 
circuit made up entirely of breakers w 
definite-time tripping attachments, : 
interrupting ability, and adequate short 
time ratings will give complete selectivit 


It has been. shown, first, that fu i 


ers having full interrupting ability 
adequate short-time ratings in all steps 
and tripped by relays giving defir 
time discrimination in faults. Second, th 
possibilities and economies of cascad 


tem were considered. Third, it was 
plained that’ new tripping devices 
being developed for standard break 
combining instantaneous and time- 
tripping features so that the econo 
of cascaded breakers can be realized and 
short-time ratings and interrupting abil- 
ity used to the best advantage to give 
maximum permissible selectivity. 
was also pointed out that — 
breakers with definite-time trippin 
vices in all positions can give com 
selectivity, the equivalent of which has 
previously been possible only with relays, 
shunt trips, and storage batteries. Thus 
we advance another step in the econo 
use of materials coupled with a better 
accomplishment of purpose in improved 
continuity of service. 1 
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The Degree of Choit-Cieuit Protection 
Afforded Small Low-Voltage A-C and 
D-C Starters by Means of Fuses and 


Circuit Breakers 


B. W. JONES 


MEMBER AIEE 


IEE technical paper 42-79, entitled 
“Thermal Co-ordination of Motors, 
Control, and Their Branch Circuits on 
Power Supplies of 600 Volts and Less, Nis 
was presented in April 1942. The pur- 
pose of the article as stated was ‘‘to show 
what the characteristics of the protective 
devices should be in order that the power 
will be disconnected from the main feeders 
under all conditions of excess current 
before excess temperatures are attained.” 
After the overload protecting require- 
ments were discussed, it was pointed out 
that “‘to protect the conductors in the 
branch circuit adequately, the control 
devices, and the motor winding, we must 
use a device that is both fast in opening 
the circuit and also has the necessary 
interrupting ability.’’ In discussing the 
speed and the interrupting abilities of 
circuit breakers and fuses which were 
used to protect the motors and the con- 
trols against short circuits, the following 
statement was made: 


“The second half of the question dealing 
with the amount ‘of available energy which 
these fuses can interrupt was determined by 
providing a 250-volt d-c source which was 
eapable of delivering 96,000 amperes and 
also a three-phase source which was capable 
of delivering an rms symmetrical current of 
84,000 amperes at 440 volts and 114,000 
amperes at 600 volts. In the d-c circuit 
were placed two standard nonrenewable 
General Electric 250-volt fuses in series to 
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CONNECTIONS 


Figure 1. Arrangement of ebnnectlons i 
fuses or circuit breakers when used for pro- 
tecting a-c starters’ 
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simulate the usual two fuses that are in a 
circuit. Two 600-volt fuses were also tested 
in this circuit wherein the available currents 
were varied from 10,000 to 96,000 amperes 
in several steps, and the results were perfect. 
The buildup of the current in this circuit 
was much slower than in an a-c circuit so 
that the current-limiting effects were much 
more pronounced as shown in Figure 7. 


“In the three-phase 440-volt a-c circuit one 
250-volt fuse of the preceding type was con- 
nected in each supply line, and the available 


currents ranged from 18,000 to 84,000 sym- 


metrical rms amperes. The resulting cur- 
rents are shown in Figure 6, and the per- 
formance was perfect. When the supply 


1 24°93: 4 5 6) 6 10 
CREST VALUE OF CURRENT IN KILO AMPERES 


20 630 50 


HORSEPOWER RATING OF STARTER AT 550 VOLTS 


Figure 2. Approximate short-circuit currents 
(crest value) which will flow through a three- 


phase across-the-line starter when connected 


to a 550-volt three-phase supply that has an 
available current of 50,000 rms symmetrical 


amperes—short circuit on load side of starter. 


power was 600 volts, then one 600-volt fuse 
was connected in each supply line, and the 
available current ranged from 24,000 to 
114,000 amperes. The results are also 
shown on Figure 6 which was perfect in 
operation. It can be said therefore that 
with this arrangement of connections (note 
that Figure 6 gives the impedance of each 
combination of the a-c circuits), these fuses 
are capable of interrupting a circuit, either 


Paper 44-139, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944. Manuscript submitted 
April 8, 1944; made available for printing May 15, 
1944. } 


B. W. Jones is consulting engineer in the industrial- 
control engineering department*of General Electric 
Company, Schenectady, N. Y. 
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a-c or d-c, which has an available short- 
circuit current of 100,000 amperes.” 


The preceding statement regarding the 
interrupting abilities of fuses has been 
interpreted by some differently from the 
original intent, and it is the purpose of 
this supplementary paper to point out 
the interpretation which should be made. 
Some further data will be submitted to 
show the relative protecting character- 
istics of these fuses and of some small-size 
air circuit breakers which are commonly 
used for protecting small-size starters. 

As was stated in the purpose of the 
article, the investigation was to ascertain 
the degree to which the fuses and the cir- 


250 VOLT 30 AMPERE FUSES. 
CURVE @ I*t VALUE =288,000 
WHEN THROUGH A 25 


| AMPERE(50 AMPERE FRAME) 
DOUBLE POLE AIR CIRCUIT | 


CURRENT IN KILO AMPERES 


Le] 4 8 12 16 20 2¢ 
: TIME IN MIL! SECONDS 


Figure 3. Current build-up following a short — 

circuit on a 250-volt d-c supply and the /’t 

values which were permitted to pass through 

30-ampere fuses and through a 25-ampere 
circuit breaker 


cuit breakers would protect the starters 
from damage due to short circuits passing 
through the starters. Therefore, every 
test had a starter in series with either a 
set of appropriate-size fuses or a corre- 
sponding-size circuit breaker as illustrated 
in Figure 1 of this present paper. There- 
fore the amount of current which would 
flow was affected appreciably by the size 
of starter that was in the circuit. The 
original statement was not intended to 
imply that the fuses would give the same 
performance when the starters were omit- 
ted from the circuit. As previously noted, 


it stated that with this arrangement of con- 


nections the fuses were capable of inter- 
rupting a circuit having an available 
current of 100,000 amperes. 

To emphasize further the importance 
of this difference, Figure 2 shows the ap- 
proximate current which would flow if 
various sizes of three-phase starters, 
rated according to horsepower at 9550- 
volt three- -phase power supply, which 
had an available short-circuit current 
of 50,000 rms symmetrical amperes, 
were connected to the supply when a 
three-phase short circuit was placed 
on the load side of the starters. This 
shows that the value of the short-circuit 
current is determined more by the size 
of the starter, for the sizes under con- 
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a es 
sideration, than by the size of the power 
supply. Therefore, the small-size fuses 
_have to interrupt the smaller currents 
and the larger fuses the larger currents 
which is in accordance with their abilities. 
Therefore, our tests showed that when 
the several features that were enumerated 
_ in the original paper obtained, then the 
fuses were able to give the necessary 
protection as originally claimed. 
These data also emphasize the impor- 
/ 
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ot i Figure 4. Current build-up following a short 


circuit on a 250-volt d-c supply and the /?t 
_ values which were permitted to pass through 
60-ampere fuses and through a 50-ampere 
circuit breaker 


“al 
¥ 


cine 1 It value =62,000 when through two 
wees 250-volt 60-ampere fuses 

Curve 2 It value =352,000 when through a 
; 50- -ampere palate pole circuit breaker 


Resin. of eens the short-circuit pro- 
tecting means and the starter into one 
enclosure as illustrated in Figure 1 so 
_as to minimize the probability of a short 

_ circuit occurring between the protecting 
_ means and the starter. Then, if the short 

q circuit should require the assistance of 

the protecting means, the starter will be in 
the path of the short circuit, and the re- 

* es sultant current will be within the range 

- oftwhat the fuse can handle. 


4 
- tection claimed for the fuses in contrast to 
the protection which circuit breakers give 
to those small-size starters (size 3 and 
less), Figures 8, 4, and 5 are offered. 
_ The comparison shown is the J? values — 


(the current squared times the duration 


bh 
j 
y? 
. 
> 


s) 
£ 
= 
os 


in seconds) which two 250-volt fuses of 


the 30-, 60-, and 100-ampere sizes and 
‘double-pole circuit breakers (standard 
50- and 100-ampere frame sizes of break- 
ers) permitted to flow into a short circuit 
from a 250-volt d-c supply which had an 

_ available short-circuit current of 23,000 
amperes, The J*t values which these two 
devices permit to get through into a short 
circuit is a direct measure of the amount 
of heat that will be put into some ther- 
mally weak member that should be pro- 


ah 
- 
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Also, in support of the superior pro-- 


tected. The reason why a d-c supply 
_ was chosen on which to base this compari- 
son was that in many cases it is essential 


that this short circuit be removed in less _ 


than one-half cycle, and if direct current 
is used then the initial rate of current 
build-up and the voltage at interruption 
always will be the same, and whatever 
difference there is in the Jt value will be 
due to the difference in the interrupting 
characteristics of the two devices. In 
these three figures the available current 
from the power source is plotted and, 
curve 1 the build-up and cutoff as deter- 
mined by the fuse, and curve 2 the 
buildup and cutoff as determined by 
the circuit breaker. It will be noted 
that two 30-ampere 250-volt fuses are 
compared to a double-pole 25-ampere 
(50-ampere frame) circuit breaker; two 
60-ampere fuses are compared to a 
double-pole 50-ampere circuit breaker; 
and two 100-ampere fuses are compared 


_ GURRENT IN KILO AMPERES 


; TIME IN MILI SECONDS 
Figure 5. Current build-up following a short 
circuit on a 250-volt d-c supply and the It 
values which were permitted to pass through 
yp cha fuses and through 100-ampere 
circuit breakers 


Tre 


to a double-pole 100-ampere (100-ampere 
frame) circuit breaker. These data show 
that the respective J*t values which these 
devices permitted to pass were 5,500 
versus 288,000; 62,000 versus 352,000; 
170,000 versus 582,000. This very 
definitely p oves that the fuse does a» 
very much superior job in protecting 
the smaller device against excess energy. 
- Because of the aforementioned situa- 
tion, it may be constructive to show the 
range of thermal capacity of the heaters 
of the overload relays which are very 
commonly the thermal limiting factor on 
most starters. The minimum curve in ~ 
Figure 6 shows the J*t values which the 
overload relay heaters may be able to 
withstand. As already shown, the 60- 
ampere fuse would be used in conjunction 
with an overload relay rated about 17 
or 18 amperes, and Figure 6 shows that 
the minimum value may be about 70,000, 
and the test data showed that the fuse 
permitted 62,000 to get through but the 


i 
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Seo breukces permitte 


and 100-ampere fuses will allow only 25 


relays generally will have less th 
capacity (more expensive and larger re : 
-can be fast and still have large thermal 


Figure 6. Range of permissible [t - values. 


The maximum curve shows that t 
some forms of ge? wie 7 


relay so as to protect the fast-he 
motors, it is advisable that the fast sh 
circuit protective means be used s 
better to protect either the fast- or the 
slow-heating type of overload relays. 
Conclusions 

When we consider that: . : 
1. The fuse is capable of interrupting 
short circuit on a large power suppl: 


either alternating or direct current if 
starter i is in the path of the short circuit. 


a; ‘Under some conditions, the 30-ampere 7 
fuse will allow only two per cent and the 60- 


30 per cent of what similar-size cir 
breakers will permit to reach a short cir 
under similar circumstances. 
3. The general trend of motors is to req 
faster overload relays, and these fa 


capacity), but the user cannot be ste 


124 VALUES WHEN MULTIPLIED BY 10° 


10 20 40 100 200 


teeeas 
AMPERE RATINGS OF OVERLOAD RELAY HEATERS 


which may be found in overload relays r 
| eon 
when purchasing control from the "general } 


_ market. 


4. Ifa slow interrupting means is used to ] 
protect against short circuits, the starter” 
may be damaged, and the pec may — 

be injured. iy 


The logical conclusion is that fuses are ‘the 
only satisfactory available means to protect — 
fully the small-size starters of either the 
a-c or d-c types. 
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A-C Contactors: for Aircraft 


F. J. RUSSELL 
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Synopsis: Use of a-c power systems on 
aircraft presents the problem of provid- 
ing switching means. Contactors with 
the desired characteristics and suitable 
size and weight have not been available. 
Analysis of operating conditions, contactor. 
size requirements, and performance char- 
acteristics provide a basis of design of a 


group of contactors to meet the needs of. 
These de- | 


present and projected aircraft. 
_ signs can meet aircraft size limitations and 

be capable of handling the circuits under all 
foreseen normal and emergency require- 
‘ments. 


PRESENT and projected designs of 
aircraft have electric-system require- 
ments which far exceed in capacity those 
used in the past. As the airplanes have 
become larger, the electrically operated 
auxiliaries have required more and more 
power. Early airplanes had six-volt d-c 
systems, but these were quickly found to 
be inadequate because of excessive drop 
in the conductors. In order to avoid 
the use of prohibitively heavy cables, the 
voltage was increased to 12 and finally to 
24 volts. Power requirements have con- 
tinued to rise since the last increase in 
voltage, and a point again has been 
reached where a change in the electric 
system is considered necessary. A num- 
ber of possibilities have been suggested.1 
One of these is the use of a-c generators 
with constant-voltage output at constant 
frequency with most of the power being 
‘used as generated but with a portion of it 
being rectified for use with d-c instru- 
ments and in control circuits. Many 


points in favor of this system have been 


advanced,? 
Use of alternating current makes it 


“necessary to provide suitable switching 


equipment for controlling the circuits. 
Relays and contactors used in d-c systems 


Paper 44-88, meconiivendad by the AIEE committee 
on air transportation for presentation at the AIEE 
summer technical meeting, St. Louis, Mo., June 
26-30, 1944. Manuscript submitted April 14, 
1944; made available for printing May 2, 1944. 
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are nearly all single-pole low-voltage 
devices and are not satisfactory for use on 
three-phase a-c systems. While all of the 
devices needed are available in commer- 
cial form, their design is such that they 


are not satisfactory for use in aircraft. 


Their size and weight is excessive, and 
they are not designed for use under the 
wide range of conditions normal to air- 
craft operation. 

Contactor Requirements 


Design of the contactors needed in- 


their operation. These include char- 


acteristics of the power system; type of 


load and duty cycle; as well as tempera- 
ture, humidity, pressure, vibration, shock, 


dust, and other conditions to which ey 


might be subjected. 

Magnetically operated relays and con- 
tactors are used for the following pur- 
poses: 


1. To shorten the power-carrying lines by 
running them only to the point of use. 


2. To make possible automatic- Saanrer 


functions. , 


3. To save space at the control stations by 
the use of small pilot switches. 


4. To keep high voltage from control sta- 
tions by using low-voltage control circuits. 


Alternators,’ driven by the main en- 


‘ 
Figure 1. Three-pole single- 


throw contactor rated 25 am- 
peres, 208 volts, 400 cycles 


The covers and moving-contact 
assembly have been removed to 
show construction 


volves a study of the factors influencing | 
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. motors. 


‘ 


gines, furnish the principal source of 


power. The system is 208 volts, 400 


cycles, three-phase with grounded neu- 
tral. In one proposed arrangement the 
main bus is a loop with sectionalizing 
contactors, so arranged that a fault may 


be isolated and removed with minimum — 
disturbance to the remainder of the sys- 


tem. The alternators feed this loop — 


through latched contactors arranged to 
trip on a fault in the feeders or in the 
machines themselves. Loads are fed 
from the main bus either directly or 
through branch bus systems. Contactors 
for connecting the loads are required. 


In some cases some of the branch sys- 


tems may be transferred to an auxiliary 


power supply, in which case transfer 


switches are used. 

If it should prove to be impractical to 
operate the alternators in parallel on a 
common bus, it is proposed to supply 
some of the loads from each of the alter- 


nators with provision for transferring in 


case of emergency. Transfer switches 
of suitable rating are required to per- 
form this function. , 
The latched contactors function as 
circuit breakers operated by separate 


protective relays not part of the contactor 


itself. Separation of the protective de- 
vices from the main contactor is made in 
the interests of simplification of the de- 
vices and in order to increase inter- 


wgie 


changeability, since the same contactor — 
may then be used with various circuit . 
protective relays to obtain different types _ 


of protection or with manual control for 
sectionalizing the system. 
The greater part of the load consists of 
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All motors are intended to in- — 


corporate built-in overload protection, 
making provision of overload elements as 
, part of the contactor or starting switch 
unnecessary. 

- Contactors of several types and ratings 
are required to perform various functions: 


1. Single-pole single-throw for closing 
and opening single-phase load circuits—25 
amperes continuous rating. 

2. Single-pole double-throw for transfer- 
ring circuits—25 amperes continuous rating. 


3. Three-pole single-throw for closing and 
opening three-phase load circuits—5, 25, 
50, and 100 amperes continuous rating. 


4. Three-pole double-throw for reversing, 
motor-starting, and transfer of citcuits—d, 
25, 50, and 100 amperes continuous rating. 


5. Three-pole latched for main circuit and 
alternator disconnects and for cireuit pro- 
tection—120 amperes continuous rating. © 

In addition to carrying rated full-load 
‘current, contactors must be capable of 
opening and closing the inrush currents 
which will be obtained with various 
types of loads.. 


have to be interrupted. Current require- 
ment under these conditions has been 
established as ten times full-load tating. 
Temperature, vibration, and accelera- 
tion requirements have been discussed 
at length in connection with other air- 
craft equipment. Experience has indi- 


cated that in addition greater attention 


needs to be given to enclosures and pro- 
tection against the effects of high hu- 
midity and the entrance of dust. 


‘ 


D-Cc Control Circuits 


Availability of direct current as a 
source of power for control circuits makes 
possible the use of d-c magnets in the 
contactors. This results in certain ad- 
vantages: 
1. Magnets can be smaller, lighter, and 


more rugged than if they were made for 
operation on 400 cycles alternating current. 


2. Switches now being used for the con- 
trol of circuits and contactors in d-c systems 
can be used, making possible instrument 
panel layouts similar to those used in d-c 
systems. 


3. Replacement problems are simplified. 


4, Many of the present control schemes are 
usable. 


614 TRANSACTIONS 


. ‘Under emergency condi- 
tions, the stalled current of motors may | 


5. High voltages which might be hazardous 
to operating personnel are removed from 
the pilot switches. : 


When automatic control from the a-c 
circuits is required, ‘small rectifiers may 
be used to supply the d-c magnets. 


Insulation 


Use of three-phase circuits requires 
the use of three-pole contactofs, intro- 
ducing insulation problems in that it is 
necessary to insulate the a-c and the d-c 


Figure 3. Single-pole single- 
throw 25-ampere contactor 


circuits’ from each other and from 
ground, as well as to obtain phase isola- 
tion; all in the same device. In commer- 
cial practice, the idea of ‘‘phase spacing” 
is frequently synonomous with phase iso- 
lation, but in the design of aircraft con- 
tactors it is not practical to approach the 
problem from this point of view. It is 
not possible to space the poles sufficiently 
to obtain the required insulation distances 
without exceeding the space and weight 
limitations imposed on this apparatus. 
This problem is complicated further by 
the need for protection against the en- 
trance of dust, a serious condition when 
operating on desert airfields, and by the 


effect of rarified atmospheres on insula- | 


tion breakdown,’ since the equipment 
must be suitable for operation at alti- 
tudes up to 40,000 feet. 
becomes necessary to obtain phase isola- 


tion by providing suitable barriers be- 


tween poles and to provide an enclosure 
to prevent the entrance of dust. One of 
the principal causes of failure in circuit- 
interrupting devices is flashover between 
poles due to the presence of ionized gases. 
There are several ways in which this 
problem may be overcome: 


1. Sufficient space may be provided be- | 


tween poles to limit the ion concentration 
to a value at which flashover does not occur, 
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Figure 2. Three-pole double- — 
throw 25-ampere contactor | 


ionization Ges ie? 


- pockets which prevent ‘the gases from ¢ CC 


is used which has high resistance to 


' provide a suitable answer to this prob 
ArcInterruption ~ 


making and breaking the current w 


It therefore , 


a method which is not econom 
space and weight. oe 


pes aN sufficiently long path may | 
vided between poles in wag the | 


3. The contacts may be placed in 


ing into contact with parts of opp ite 
olarity. Provision for venting the 
while maintaining a suitable dust seal may 
be required. — 

The last method is the only one 
permits the contacts to be sealed 
vent the entrance of dust or other fot 
material which might interfere w 
operation or which would cause in 
tion failure. It has the disad 
that, in order to obtain the best 
factor in the switch design, the ar 
close proximity with the insulation ma 
terial. Failure may occur because of 
insulation breakdown, unless a mat 


sulation materials have this property 


lem! 5 2 ; q 


The contactors must be capable . 


may exist under any condi ‘ion 
countered in operation. Under no: 
conditions, this may be the rated curr 
or less, or the current at the instan 
contacts close may be much higher, 
ping quickly to the steady current. — 
contacts therefore must be capable o: 
making ten times the rated current tana 
breaking rated current as a normal condi- ] 


tion, that i is, for the life of the contactor. 


Under emergency conditions, the con- 
tacts may be called upon to open the 
same high current for a limited number | 


_Of operations in order to clear faulty cir- 


cuits or apparatus. In general, no diffi- 
culty is experienced with alternating 
current in breaking high current at the 
voltage used on these systems, even with 
relatively small arc gaps. The gap is 
determined by the distance required to i 
prevent flashover at the maximum volt- 
age used for insulation testing, in this 
case 2,500 volts at sea level and 1,000 
; - 1 
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' 


ie 


’ 


volts at 40,000 feet altitude. Breaking 


high current may damage the contacts so 
as to reduce their life considerably or, in 
extreme cases, catise failure when the 
switch is again closed. Closing of the 


_ circuit presents a more serious problem, 


because, when closing on high currents, 
the contacts are liable to weid. Factors 


involved in this case are the current on 


which the contacts close, the material or 


materials of which the contacts are made, 


and the amount of arcing obtained dur- 
ing closure—the latter being determined 
by the mass of the contacts, their velocity 


_ and the forces involved: that is, the 


initial contact pressure and the magnet 
pull. The design must be such as to ob- 
tain the proper relationship of these 
factors to limit the rebound to as small a 
value as possible. Use of the contact 
materials which are not readily welded 
offers many possibilities, but care must be 
exercised to keep their resistance low. If 


j 
the contacts are to be enclosed in rela- 
tively tight chambers for obtaining phase 
isolation and for protection against the 
entry of foreign materials, the enclosure 
must be madesufficiently strong to prevent 
breakage under the relatively high pres- 


sures built up when the arc is broken, or 


some provision must be made to permit 


_ the pressure to be relieved. 


Arrangement 


Two general contact structures are 


available. The moving contacts may be 


carried on a pivoted arm which is in 
turn operated by the magnet. In this 
form, the contacts are generally single 
break and have flexible connections to 
carry the current to the moving part. 
For high current values the connections 


must be quite largé and heavy, so that 


in order to retain flexibility they are 
made relatively long. It was thought that 
a better choice for the larger-size contac- 
tors would be the use of bridging-type 
contacts. Figure 1 shows the arrange- 
ment of the contacts and terminals and 
is typical of three-pole contactors rated 
25 amperes and higher. The contact 
cover and the terminal covers have been 
removed and the moving contact assembly 
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lifted out. All stationary contacts are 


fastened to a molded insulating board — 


‘with barriers to separate the phases. 
The moving contacts with their springs 
are carried in a sliding insulator assembly 
which is guided ina slot formed by the 
barriers provided between the stationary 
contacts. The barriers are designed’ to 
fit into recesses in the contact cover in 
such a manner that each contact is an 
individual chamber formed by the bar- 
riers, the slider, and the cover. While the 
closure between chambers is not abso- 
lutely sealed, the connecting spaces are 
very narrow and of such length that the 
gases are deionized before passing from 


one to the other. A seal against the en- 


trance of dust is obtained by use of a com- 
pressible heat-resisting gasket between 
the edges of the cover and the base. 
Covers are provided over the terminal 
screws to prevent accidental contact by 
personnel or by objects which might fall 


Figure 4. Three-pole double- 
throw five-ampere contactor 


across them. The sliding contact member 
is actuated by a pivoted lever, one end of 
which fits into the sliding bar and the 
other end of which is connected to the 
solenoid plunger. The contact bar and 
the solenoid plunger form a balanced 
structure which has essentially the same 
mass on each side of the pivot and is 
therefore unaffected by acceleration 
forces, making the device insensitive to 
shock and vibration. On double-throw 
contactors two similar contactors are 
mounted side by side on a common base 
as shown in Figure 2. A pivoted me- 


chanical interlocking bar prevents one _ 


plunger from pulling in to close the con- 


Figure 5. Three-pole latched 


contactor 


Rated 120 amperes continuous 
with 4,000-ampere _ short- 
‘circuit capacity 
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tacts associated with it if the other plun- | 
ger is already in its sealed position. Suit- 
able covers with sealing gaskets protect 
the mechanism from mechanical inter- 
ference and the entrance of dust. 


The smaller-rating contactors are 
readily adapted to the pivoted armature 
construction and accordingly are made in © 
this form. Figure 3 is typical of the con- 
struction used and shows a 25-ampere 
single-pole single-throw contactor. A 
single bridging contact is used in this 
case, whereas on the three-pole contactor 
single-break “finger-type contacts with 
flexible connectors are used. Double-_ 
throw contactors consist of two con-— 
tactors mounted on a common base and 
mechanically interlocked to prevent. si- 
multaneous operation. Figure 4 shows a 
five-ampere three-pole double-throw con-— 
tactor. a 


Contacts of the latched contactor are 
of the bridging type. The arrangement 
is similar to that used on the larger three- _ 
pole switches. The closing magnet con- 
sists of a solenoid which pulls the contacts 
into the closed position where they are 
held by a latch operating on the lever 
which moves the contact bar. The mag- 
net coil is disconnected as soon as the 
contacts reach their sealed position by 
means of a single-pole double-throw 
switch operated from the contact bar. 
Sufficient overtravel of the contacts be- 
yond the normal wear allowance is pro- — 
vided, so that the coil disconnect switch 
does not operate until after full latch 
engagement is obtained. This must be 
done to prevent the possibility of failure 
of the contacts to latch under low coil — 
voltage. The coil switch also is con- 
nected in the circuit of the trip coil so 
that, when the main contacts are in the 
closed position, the trip coil may be 
energized to permit the main contacts to 
open. Intermittent-duty coils are ener- 
gized only long enough to close or open 
the main contacts. In order to prevent 
“telegraphing,” the operating and latch 
mechanism is arranged to prevent the 


aa: | 


* 


bas 
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~ closing magnet from closing the contacts 
- following energization of the trip magnet 
until the closing-coil circuit has been 
opened. The contactor is “trip-free,” 

that. is, it cannot be held closed when the 
trip circuit is closed. Additional contacts 


are provided for electrically interlocking 


- other circuits. Figure 5 shows the con- 
struction used in this contactor. 

In order to protect other apparatus in 
the circuit, the fuses and the latched con- 
tactors must be co-ordinated in design to 
provide the proper protection from each 
under fault conditions. Accordingly, a 


specification has been established re- 


quiring that complete current inter- 
ruption take place within 0.01 second 
after the trip impulse has been initiated. 
This time includes the arcing time and 
the time required for the contacts to 
begin to part. The worst condition 
which might be encountered is on single- 
phase where the arc might persist for 
one-half cycle plus the time required 


for the contacts fo reach a gap great 


enough to prevent the arc from restriking. 
On 400 cycles this time will be something 
less than 0.002 second. The contacts 
must separate in 0.008 second or less 
after the trip-coil impulse is started. 
Results indicate that this time can be 
met satisfactorily. 
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Figure 6. Three-pole double- 

throw aircraft contactor and 

comparable commercial con- 
tactor 


Various sizes and 


Figure 7. 

types of contactors required 

on large aircraft with a-c elec- 
tric systems 


Summary — 


Requirements for aircraft contactors | 
may be summarized briefly as follows. 
1. Small size and low weight. 


2... Resistance to vibration and shock inci- 
dent to their use on aircraft. ‘ 


3. Ability to operate under a wide range of 
temperature, humidity, and pressure. 


4. Enclosures to exclude dust from con- 
tacts and mechanism. 


5. Ability to handle normal and eiermeee: 


load conditions. 


§. Confinement of are within the device. 


Analysis of these requirements and 


design to obtain maximum utilization of — 


Russell, Charbonneau—A ircraft Cannan 


- tactor of the same rating. It sho d | 


‘a-c electric systems. They include 


_three-pole latched contactor or circ 


ie Rae: Sailie.. 
materials eles contactors to | 
which are much smaller and light 
their commercial counterparts. 
is illustrated-in Figure 6 which sho 
50-ampere three-pole double-throw 


craft contactor and a commercial 


noted that the commercial device 
open whereas the aircraft contactor 
completely enclosed. 

Figure 7 shows all of the onele 
designed to meet the needs of airc 


pole single- and double-throw contactors 
rated at 25 amperes; three-pole single 

and double-throw ‘Sosithotors for 5, 
50, and 100 amperes; and a 120-am 


breaker. Performance in .each c 
meets the anticipated conditions whic 
might be encountered in a-e systems us 


much lower than required in commercial 


applications, either meets or exceed: 
the conditions required on the equivalent 


commercial COHRA KORG ' 
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Badustrial Contro|—Shunted- Armature | 
Connection for a D-C Shunt Motor 


G. F. LELAND 


NONMEMBER AIEE 


HERE are many operations in appli- 

cations where d-c shunt motors are 
used. where it is necessary to slow down 
the rotating system in order to perform 
certain functions. Many typical ex- 
amples are found in machine-tool work, 
such -as cross-feeding of a tool, milling- 
cutter slow-down for sharp corners, ac- 
curate positioning of tool to work, slow- 
down of a grinding wheel for dressing, 
Other examples are found in the slowing 
down of a printing machine for the pur- 
pose of matching colors and occasionally 
to obtain a threading speed in a textile 
range drive. 

There are three common methods by 
which these slow-down speeds a be 
obtained: 


1. Resistance inserted in Bitig with the ‘ 


armature is a method of slowing down a 

motor but has the disadvantage that the 
speed will vary considerably for slight 
changes in the torque demanded by the 
load, so that this method has poor speed 
regulation. 


2. Variable-voltage Heath is a circuit in 
which the generator field is adjusted to vary. 
the armature voltage, while the motor field 
is left constant. This method gives a range 
of speeds up to basic speed with good speed- 


torque regulation and good efficiency but is . 


_ inherently too costly for intermittent appli- 
cations such as were mentioned previously. 


3. If resistance is put in parallel with the 
armature in addition to series line re- 
sistance, a method of control known as the 
shunted-armature connection is given.’ This 
method provides good speed regulation at 
low initial cost and is ideally suited for 
short-time or intermittent slow-downs, 
despite the decreased efficiency due to losses 
in the shunt resistance. The method is in 


effect a potentiometer connection (see 


Figure 1). 
Scope of Paper 


This paper presents a simple graphical 


imiethod of obtaining the required shunt 


and series resistances for the shunted- 
armature connection to obtain any de- 


sired speed at a specified value of torque 


and also to give a predetermined no-load 
speed. An analytical verification of the 
graphical method is also presented. 


Paper 44-141, recommended by the AIEE com- - 


mittee on electrical machinery for presentation at 
the AIEE summer technical meeting, St. Louis, 
Mo., June 26-80, 1944. Manuscript submitted 
fe is oes 1944; made available for printing May 
16, 
G. F. Levanp and L. T. Raper are both in the in- 
dustrial-control engineering division, General 
“Electric Company, rank ae N. ¥. 
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oad condition in the motor. 


L. T. RADER 


MEMBER AIEE 


The method is outlined for the cases 
of a constant-speed motor and an ad- 
justable-speed motor. 


‘Nomenclature 


I=line current in amperes 

V=line voltage in volts 

R=series resistance in ohms 
\S=shunt resistance in ohms 
E=back electromotive force in volts 
Z,=current through shunt resistance 
I, =armature current in amperes 
R,=armature resistance in ohms 
N=speed in rpm 
E,=back electromotive force in volts when 

. g=0 


All lower-case letters refer to the per 
unit value of the aforementioned quan- 
tities. 


T =torque in foot-pounds 
T=per unit torque 


' The subscript FL refers to the full- 
The sub- 
script VL refers to the no-load or running- 


light condition when full voltage V is. 


applied. 


Ro= V/Irz,=base or normal ohms 
N,=rpm in per unit when 7,=0 


x 


Analysis 
CONSTANT-SPEED MOTORS 


Application of Kirchoff’s laws to the 
circuit shown in Figure 1 yields the equa- 
tions, 


I=I, atls / (1) 
V= IR+E+IgRa (2) 
and 

I,S=E+IgRa ’ (3) 


the 


Elementary diagram for 
shunted-armature connection showing shunt 
and series resistance 


Figure 1. 
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| tions 4, 5, and 9, show- 


_If equations 1, 2, and 8 are solved 
simultaneously, a relationship between 


the armature current and the counter 


electromotive force is given as a function 
of the circuit resistances. The resulting 
equation is 


S 
1 SEB see +R | =V— pote (4) 


The intercepts of equation 4 are given 
by putting J,=0 and E=0. They be- 
come: . 


a V 

que eee 
-(S+R) 

Reg tR Ps: 
and 
. S 
£,= Your (4b) 


_ Equation 4 represents a straight line 
on the axes of armature current as the, 
| 


“ARMATURE CURRENT (Iq) 


Figure 2. Graphical | 
representation of equa- 


ing that their points of 
intersections are deter- 
mined by the values 
of shunt and series 
resistance 


ordinate and counter electromotive force 
as the abscissa. 


Let equation 4 be solved airnisleeutes 


- ously with the motor equation, 


VnEYIR, ss . (5) 


to find the point of intersection. 
Substitution of E= V—I,R, from equa- 


tion 5 into equation 4 gives 


v—-(V- =n 2B 


6 


S+R 
Tal Re SED 4p R|- 


which reduces to 


S+R , 
k= 1-248 ] aM (7) 


so that, at the point of intersection, 


I,=—V/S (8) 
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Now, if equation 4 is solved simul- 
taneously with the straight-line equation, 


Q=E LTR: (9) 
the point of intersection becomes 
Ig=V/R (10) 


This shows that, if equations 4, 5, and 

9 are plotted on the same co-ordinates of 
I, and E, their points of intersection are 
' determined by the values of shunt and 
series resistance. These relationships are 
shown in Figure 2. 


PER UNIT System 


Let line voltage V be 100 per cent or 
base voltage, full field current Ip, be 


tiserdk 


Figure 3. Relationships of 
’ Figure 2 shown in the per 
“unit system 


base current, and no-load speed Nyz be 


base speed. 

Since 

T=colq (11) 
and 

E=K¢N (12) 
then, by eliminating ¢ from equations i 
and 12, 
Tm2 5 (13) 
and 3 

Tri=z 5 Ins i Trp (4) 


since the back electromotive force equals 

line voltage at no-load speed. Therefore, 

base torque is full-load torque which is 

consistent with the aforementioned base 

quantities of voltage, current, and speed. 
In this per unit system, — 


Per unit volts e=E/V 
Per unit current 7 raat /TIrz 
Per unit speed n= N/Nyz 


Per unit torque T=T/Trz 
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heh =e+%%q 


When iq equals zero, equation 19 becomes 


Also, 
Normal ohms Ro 


=V/Irt 
so that 
Per unit ohms=ohms/R, 


/ 


If equations 11 and 12 are put into tHe 
per unit system, 


T =n (15) 
and 
e=n (16) 


Figure 3 is obtained by transposing 
Figure 2 into the per unit system and 
using torque and speed as co-ordinates 
alternately with current and voltage as 
permitted by equations 15 and 16. 

Equations 5 and 9 in the per unit 
system become 


(17) 
(18) 


l=e+7g%a 


If ¢, is put equal to unity in equations 
17 and 18 to find the co-ordinates of two 
points A and B in Figure 3, A (1, 1—7q) 
and B (1, —rg) are yielded, so that equa- 
tions 17 and 18 are determined only by 
the value of internal resistance in per 
unit at the unity-current point. 

Equation 4 in per unit is 


nh, ema 
: 


(19) 


(20) 


_ No 


a) 


Now, 


so Tee y €)= Mo from equation 21,and the 
intercept on the x axis is 


No =s/(s+r) 


Equation 19 is then easily plotted from 
the given data of one required speed- 


torque point and the no-load So 


Graphical Solution 


A sheet of graph paper is laid out with 
ordinate as current and abscissa as speed 
varying from zero to.one. At the unity- 
current point, the points B and A (Figure 


3) are plotted by knowing the per unit | 


internal resistance of the motor. Through 


these points and the (0, 0) and (1, i 


ons respectively, straight lines are 


Leland, Rader—Shunted-Armature Gonna 


ae oo unit no-load th pepe oe 


‘be slowed down for a short time, so that 
' the 


that the load demands 34 per cent of ft 


been defined as the no-load speed of the 


and the points (1, 0) and (0, 0) represent ; 


one ule a fe in "per sine ang 


ad series pointes in ce ne 


EXAMPLE 


230-volt 1 “150-rpn d-c itant asker a 


shunted-armature connection is 
indicated. The stated requirement — is , 
that the slow-down shall be 45 per cent ; 
of the full-load-motor speed, and that 
the speed regulation shall be such that 
the speed will not exceed 662/3 per ce at 
of the full-load speed, if all load is rej 


moved from the motor shaft. It is gi 


ot 


load torque, referred to the ten-horse- 
power motor, at 45 per cent of the notes q 
rated speed. : 

Since 100 per cent or per unit ‘epee fal 


motor, the full-load speed can be o 
tained by subtracting the per unit in- 
ternal drop from unity. For this size 
motor the internal resistance is usually 
taken as ten per cent normal ohms, so 
that points A and B can be plotted on 
Figure 4. 

The lines drawn thicdiete these poi 


the motor characteristics with n0 added 
shunt or series resistance. - 

The 45 per cent speed ices to, the : 
no-load speed becomes: a 


0. 45X0.9=0.405 
while the 66?/; per cent speed becomes: 
0.667/,X0.9=0.6  - iy 


(= 


al 


——— 
ea 


PER UNIT CURRENT OR TORQUE - 


Figure 4. EEL solution oot example 
presented in the text ' 

; 
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; oon 


This translation of reference speeds . 


from the full-load to the no-load base 
permits the plotting of the operating 
points in the per unit system as points 
Cand D, Figure 4. A line drawn through 
these two points and extended will inter- 
sect the motor curves at points F and G. 
For this particular solution, the ordi- 
nates of the points of intersection are 
(+1.2) and (—0.8). The reciprocal of 
these two values gives the per unit ohms 
of the series and shunt resistances, 
respectively. 

Therefore, 


r=1/1.2=0.833 
s=1/0.8=1.25 


With 100 per cent ohms equal to line 
voltage V divided by full-load current 
Tpz, the necessary resistances to meet the 
preceding requirements are: ; 


R=230/39X0.833 =4.91 ohms 
S$=230/39X 1.25 =7.37 ohms 


Adjustable-Speed Motors 


A similar graphical construction can 
be used to determine the correct resist- 
ances for use with adjustable-speed 
motors. For these motors, load data are 
usually given with reference to the high- 
est horsepower which occurs at the 
highest speed. To obtain speed control 
between highest- and lowest-rated speed, 
the field current is varied. For speeds 
below the lowest-rated speed, the arma- 
ture-shunt connection is used. There- 
fore, if speeds are referred to this lowest- 
rated speed as base speed and base 
torque is full field torque, the graphical 
solution is identical with that for con- 
stant-speed motors, For example, as- 
sume that an application using a 7!/./10- 
horsepower 500/1,000-rpm, 230-volt d-c 
motor must be controlled to give 250 
rpm at 80 per cent torque. This latter 
figure refers to the high speed or weak field 
torque and is therefore 40 per cent of 
full field torque. Accordingly, the point 
which corresponds to D in Figure 4 is 
plotted at Kod 


250 (0.9) 


500 =45 per cent speed and 40 per cent 


torque 


Specification of the required speed with. 


no load on the motor shaft, or specifica- 
tion of the speed regulation determines 
the second point, so that the straight line 
can be drawn as before. 


Conclusion 


In many applications the torque de- 
manded by the load is not known very 
accurately, although the required speed 
is well defined. The application engi- 
meer can compensate for the inaccuracy 
with which the load torque is known by 
using the shunted-armature connection 
and by so choosing a value of shunt re- 
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_fuel-burning equipment. 


Possibilities of Heat Pumps for 


Heating Homes 


R. U. BERRY 


ASSOCIATE AIEE 


Synopsis: Heat pumps are refrigerating 
systems in which the principal interest is 
in the heat given off by the condenser. A 
portion of this comes from the electric 
input to the compressor and the remainder 


‘from cooling an external source of heat, 
Heat output is several | 


usually outdoor air. 
times the equivalent of electric input, and 
these systems offer possibilities of fuel 
economy beyond anything possible with 
These systems 
can be used for all-year air conditioning, 
but the heat requirement dictates larger 
equipment than necessary for cooling only. 
Electric-load requirements are attractive, 
but further development is necessary and 
will be dependent on the promotion of 
summer air conditioning for homes. 


OME 92 years ago Lord Kelvin first 
called to our attention the fact that 
refrigerating systems are reversible, and 
that they have some unusual and inter- 
esting characteristics when operated as 
heating systems. Interest in the idea re- 
mained very low until about twenty years 
ago, when the development of the domes- 
tic electric refrigerator and commercial 
refrigeration for food preservation began 
to make engineers think of summer air 
conditioning for homes and buildings as 
something more than just a far-off dream. 
Since then interest, as judged by technical 
publications, has steadily increased, and a 
few actual installations have been made. 
Practically all of the installations were 
made before the war and nearly all of 
them are in successful operation today. 
- To predict that in the next ten years a 
substantial proportion of our homes will 
not be heated by heat pumps seems rash, 
in view of the rapid development we have 
already seen in other types of equipment 
for the home. Therefore, it would appear 
to be of interest to analyze the prospects 


Paper 44-156, recommended by the AIEE com- 
mittee on domestic and commercial applications for 
presentation at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manuscript 
submitted May 3, 1944; made available for printing 
May 19, 1944. 


R. U. Berry is im the field engineering section of the 
air conditioning and commercial refrigeration 
department, General Electric Company, Bloom- 


_ field, N. J. 


sistance to give a good speed regulation. 
Without a graphical solution, simul- 
taneous equations must be solved analyti- 
cally. The method previously presented 
is particularly useful because of its 
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as they exist today somewhat sympatheti- 
cally, even though the way in which wide- 
spread use may be obtained is not vet 
clear. 


Description of a Heat Pump 
The heat which a domestic refrigerator 


absorbs from its cabinet through its — 
evaporator does not just disappear. By 


means of a mechanical compressor, the 


temperature of the absorbed heat is raised 
to the point at which the heat can be 
transferred to the air outside of the 
cabinet through its condenser. In so 
doing it adds to the absorbed heat the 
heat equivalent of the work done by the 
compressor, and the sum of the two 
quantities of heat result as heat added to 
the room air surrounding the cabinet. 
When the reason for using the refrigerator © 
is to take advantage of the lowered tem- 
perature inside the cabinet, it is called a 
refrigerator. When the primary object 
is to heat the surrounding room, it is 
called a reversed-cycle refrigerator or a 
heat pump. The type of equipment used 
in either case is the same. In the case of 
the heat pump heating a home, instead 
of placing the evaporator inside of an 
insulated cabinet, it is more effective to 
place it in the outdoor air or in a supply 
of water that can be cooled, and the con- 
denser is usually in the form of a finned 
coil, with a fan blowing the heated air 
from the coil through ducts to the house. 
In any case, the heating of the house air 
and the simultaneous cooling of the out- 
door air or water supply are fundamental 
to the heat pump, even though the out- 
door air being cooled may be at a tem- 
perature well below zero. 

Figure 1 shows a simplified schematic 
diagram of a direct-expansion heat pump. 
When operating in the winter time for 
heating, air from the house is forced 
through the condenser, where it is heated 
sufficiently to satisfy the heat loss of the 
house. _ Air from outdoors is forced 
through the evaporator, where it is cooled 
sufficiently to provide its contribution of 
heat to be transmitted to the house. 


simplicity in obtaining a particular solu- 
tion as well as determining families of 
curves that show the effect of shunt and 
series resistance on the speed-torque 
characteristics. . 
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motor. 
efficiency of the system is the heat output — 


Coefficient of performance = = 


The liquid refrigerant inside the evapora- 
tor is boiled by the heat from the outdoor 
air at a boiling pressure and temperature 
sufficiently below the outdoor-air tem- 
perature to effect the necessary heat trans- 
fer. The compressor draws the refriger- 
ant gas from the evaporator and dis- 
charges it to the condenser at a high 
enough pressure and temperature so that 
it will condense and transfer its heat to 
the outgoing house air stream. The 
expansion valve maintains the pressure 


difference between condenser and evapo- 


rator by regulating the flow of refrigerant 
through the system. To use this same 
system for cooling the house in summer, 


the outdoor air and house air streams are 


interchanged with dampers, or an equiva- 
lent result is accomplished by other means. 

If all losses are neglected, the heat out- 
put from the condenser of this system is 
equal to the heat input to the evaporator 
plus the electric input to the compressor 
Since the outdoor air is free, the 


divided by the heat equivalent of the 
electric input, and because this is always 
greater than 100 per cent, it is called a 
coefficient of performance. The electric 
input multiplied by the coefficient of per- 


_ formance gives the heat output to the 


house. 
Efficiency 


The relative proportion of the heat ob- 


tained from electric input and from out-_ 
door air depends primarily on the indoor 


and outdoor temperatures. This is quite 
different from a fuel-burning furnace, in 


which efficiency is substantially inde- 


pendent of outdoor temperature. As in 
the case of a steam-power plant, the heat 


pump is a heat engine absorbing heat at 


one temperature level and discharging it 
at another; the principal difference is 


that a steam-power plant delivers me- 
' chanical work from the engine, whereas 


the heat pump absorbs it. Both follow a 
Carnot cycle in the theoretical ideal, and 
the theoretical ideal efficiencies are similar 
in form, that for the heat pump being 


Ant 


where r 1 is the house or condenser tem- 
perature (both being the same in the 


ideal) and T; is the outdoor or evaporator. 


A-C POWER 
SUPPLY 


COMPRESSOR 
Schematic diagram of elements 
of a heat pump 


MOTOR 
Figure 1. 
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COEFFICIENT OF ee 


HA Sinn 


temperature. “Tethpesatinres! in this case 
must be measured on the absolute scale. 


Curve A in Figure 2 shows the coefficient — 


of performance for a perfect Carnot en- 
gine heat pump maintaining 70 degrees 
Fahrenheit in a house at various outdoor 
temperatures. It will be noted that with 


a heat pump at 20 degrees Fahrenheit 


outdoor temperature it is theoretically 
possible to obtain 10.6 times as much heat 
in the house as would be possible by using 


DS aReee 
BSS 


OUTDOOR TEMPERATURE - DEG. F 
Figure 2. Efficiency characteristics of a heat — 
pump maintaining a house at 70 degrees 


the same power input in electric resistance 
heaters. In addition to a perfect heat 
engine this would require condenser and 


evaporator heat-transfer surfaces suffi-— 


ciently large to transfer the heat without 
appreciable temperature differences, and 
correspondingly large air flows in the 


‘house and outdoor air circuits. Sizing 


the heat-transfer surfaces and air flows 
to values that would be considered prac- 
tical in a summer air-conditioning system 
of similar proportions would give curve B 
in. Figure 2, where the refrigerant con- 
densing temperature has been increased 
and evaporating temperature decreased a 
total of 60 degrees Fahrenheit. This 
would permit delivery of heated air to the 
house at a temperature between 105 to 
110 degrees Fahrenheit, which is con- 
siderably lower than would be used with 
a fuel-burning warm-air heating plant, 
but not enough lower than usual discharge 
temperatures from a normal year-round 
residential air-conditioning system to 
have a prohibitive effect on the cost of 
fans and duct work. 

Curve C in Figure 2 shows cpelticienlis 


of performance that can be obtained with 


refrigeration equipment available today. 


This curve differs from curve B in that 
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_ have an over-all thermal efficiency o: 


‘mission losses between the gener: 


heat pump. Under favorable condi 
the heat pump can pick up from its o 


_ its cooling water by the generating 


the heat-pump condenser over wha 
started with in the fuel; its temper 


energy for a greater quantity 


use i Bieod 12, sade of a pe 
frigerant, for mechanical and othe 
efficiencies of. equipment and for po 
required by auxiliaries such as fans. 
itis aes ee ay this c 


tions now in operation using ould 
as a source of evaporator heat. It 


heating season if better that ‘ced to one 
can be reasonably expected. 


Fuel Economy 


performance reaches four to one. 
best steam-power generating plants t 


proximately 34 per cent. Hence, eve 
with a 15 per cent allowance for trans- 


station and the home, the heat pump v 
deliver at the 52 degrees Fahrenheit o 
door condition 116 per cent of the 
that was in the fuel burned at the gener 
ting station for supplying energy ti 


door air more than all of the | losses 
the system, including the heat reject 


tion. At first glance this might a 
offer encouragement to the seeke rs 
perpetual motion machines, but a secc 
glance reveals that, while we havi 
creased the number of Btu available 


level would not be attractive to the « 
tral-station operator as a source of - 
chanical work. The heatpump eff 
favorable exchange of high-grade 


grade heat energy, and it is well 
that the same favorable rate of exchans 
cannot be obtained in the opposit 
tion. However, the heat output 
heat pump is quite suitable for heating 
homes, and even at a three to one season- 
average coefficient of performance and 1: 
per cent electrical transmission losses, it 
gives 87 per cent over-all fuel eee 
This is substantially better thah can 
obtained with the best domestic auto- 
matic fuel-burning equipment, and more 
than 50 per cent better than a good hand- 
fired domestic coal furnace will give. As 
time goes on undoubtedly more efficient 
central stations and more efficient heat- 
pump equipment will be developed, and 
it is not impossible to imagine that heat 
pumps may some day be required just 
from the point of view ‘of conservation of 
our national fuel resources. Curve Ain 
Figure 2 shows plainly that the develop- 
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or) . fal a 


a 


_ outdoor air evaporator. » 


heating plants. 
coal furnaces at 55 per cent efficiency, and 


‘ ‘ 


. . & 1 
ment of this type of system is not limited 


to 100 per cent fuel economy. 

Of course, fuel utilization efficiency is 
not so interesting to the operator of a 
heat pump as is the annual operating cost 
in dollars, Here there can be a consider- 
able variation of opinion, because there 
are no reliable statistics available on the 
actual average operating efficiencies of the 
various kinds of fuel-burning domestic 
If we assume hand-fired 


oil and gas. automatic furnaces at 75 per 


cent efficiency, they would compare as 
_ follows with a heat pump averaging 3.0 


coefficient of performance and using 


power at one cent per kilowatt hour, | 


The heat pump would have the same 
operating cost as: 

1. Coal at $14 per ton. 4 

2. Oil at ten cents per gallon. 


3. Manufactured gas at 40 cents per 
thousand cubic feet. 


1/4. Natural gas at 80 cents per thousand 
cubic feet. 

; This is acne the picture as it 
exists today for a heat pump constructed 


with general-purpose refrigeration equip- 
ment in a climate such as Pittsburgh and 
drawing its evaporator heat from the 
outdoor air. It can be improved sub- 
stantially by circulating more house air 
at a lower temperature and using larger 
heat-transfer surfaces, thus increasing the 
first cost and departing from present 
limits of practice in year-round air-con- 
ditioning systems. It can be improved, 
also, by further development of the equip- 


ment, or by finding a higher-temperature 


source of heat for the evaporator than 
outdoor air. ; 

The possibilities of higher-temperature 
heat sources have been well explored but 


possibly not exhausted. Most city water 


supplies are at a high enough temperature 
in winter to be usable as a heat source, 
but the cost of the water usually will ex- 


_ceed the power saving. The use of the . 


heat of fusion of water by freezing ice 
presents the problem of disposing of tons 
of ice per day per home in very cold 
weather. The use of well water, where 
available for the cost of pumping, can 
give average coefficients of performance 
of higher than four to one, and has been 
used very successfully, but since the 
availability in the United States is very 
limited, this furnishes only a local solu- 


tion to the problem. 


Output Characteristics 


Curve A in Figure 3 shows the output 
characteristic, calculated from test data, 
of a heat pump using a constant-speed 
7?/s-horsepower condensing unit with an 
In spite of the 
fact that the coefficient of performance or 
efficiency falls off at low outdoor tem- 
peratures, the power input, as shown in 
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curve B, also falls off because of the de- 
crease in circulation of refrigerant at low 
suction densities as the evaporator tem- 
perature and pressure fall. Curve C 
shows the requirements of a house needing 
85,000 Btu per hour at zero degrees Fah- 
renheit outdoor temperature, which would 


be a three-bedroom house of average pro- | 


portions, well insulated, in a climate such 
as Pittsburgh or Philadelphia. Such a 
house would be in the $8,000 to $10,000 


BTU PER HOUR X1000 


“OUTDOOR TEMPERATURE-DEG F 
Figure 3. Output characteristics of a heat 
pump with constant-speed 71/9-horsepower 
compressor 


price range at prewar levels. The 71/2- 
horsepower heat pump has capacity to 
heat this house down to 15 degrees Fah- 
renheit outdoor temperature. Rather 
than use a larger heat-pump system to 
take care of temperatures below 15 de- 
grees Fahrenheit, a storage scheme could 
be used. The excess capacity of the 
system at temperatures above 15 degrees 
Fahrenheit would be used to heat water 
in a storage tank to a temperature of 
100 to 110 degrees Fahrenheit, and when 
the outdoor temperature falls below 15 
degrees Fahrenheit this reservoir of heat 
can be drawn upon to maintain the house. 
The size of storage tank that will be-re- 
quired will depend upon the severity of 
the longest cold spell below 15 degrees 
Fahrenheit to be expected at the location 
of the heat pump. In Pittsburgh, the size 
of the tank would be of the same order 


_ of magnitude as the fuel-oil storage tank 


that might be used if the same house 
were heated with an oil-burning furnace. 

Sources of auxiliary heat other than 
storage also can be used where advan- 
tageous. The city water-supply system 
is a convenient sotrce in this case, be- 
cause the total usage will be small enough 
so that the cost is not important, and the 
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demand would come at a season when 
practically all city water systems have 


ample surplus capacity. A small auxil- 


iary evaporator cooling this water would 
be called upon for less than three per cent 


of the integrated heating-season demand — 


in the Pittsburgh climate. 


From curves A and C in Figure 3 ite 


obvious that the constant-speed com- 
pressor gives far too much capacity at the 
higher outdoor temperatures, This is not 
desirable in any warm-air heating system, 
where it is likely to cause short cycling and 
excessive temperature fluctuation in the 
house. This type of system, therefore, re- 
quires a multispeed compressor motor or 
other means of capacity reduction, with 
the necessary controls to modulate the 
system output to the approximate | Te 
quirements of the house. 


A requirement of 85,000 Btu per hous - 
to heat a house at zero degrees Fahrenheit — 


is composed of conduction through walls 
and windows, and infiltration of outside 


_ air. In summer the indoor—outdoor de- — 
sign difference is typically only 16 de- — 


grees Fahrenheit, which reduces the Btu — 


load to 19,400 Btu per hour. To this 


must be added the requirements for in- — 


creased fresh-air supply, people, lights, 


solar radiation, and latent cooling of the 


fresh air and people. All of these can 


vary widely, but it can be said that the — 
majority of insulated houses of this size © 
can be air conditioned satisfactorily with — 


a three-horsepower system giving from 
35,000 to 40,000 Btu per hour under hot- 
weather conditions. Some houses with 
large glass areas exposed to the sun may 
require five-horsepower systems. This is 
typical of most parts of this country, and 


— 


brings out the fact that few summer air-_ 


conditioning systems, designed as such — 
for residential use, can be converted to 


heat pumps without adding capacity. 
Conversely, the cost of installing a heat 
‘pump in a residence involves more than 


just the extra cost of controls and re- — 


versing mechanism applied to a summer — 


air-conditioning system. Whereas the 


capacity of the condensing unit may have 
~to be increased in the ratio of 71/2 horse- — 


power to three horsepower, the increase in — 
size of heat transfer and air-handling © 


equipment generally will be considerably 
less. 


Initial Cost 


Any authoritative discussion of in- 3 
stalled prices of heat pumps would be — 


~%< 


hopelessly beyond the scope of a short — 


exposition such as this. It would involve 
the effects of local codes and building- 
trades practices, methods of selling and 
installing, selection of installation mate- 


rials, and all the other things that cause 


large variations in prices between one 
locality and another, and between two 
installations in the same locality when the 
system is assembled from individual 
pieces specifically engineered in the field 
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_ Nonetheless, 


to the requirements of a particular house. 
some highly approximate 
estimated figures might be of value as an 
indication of relative costs compared to 
those of conventional systems. A warm- 
air oil-fired furnace for a new well-insu- 
lated house requiring 85,000 Btu per hour 


might be sold for $700 today in a medium- . 


size city. This would include uninsulated 
duct work, grills, oil tanks, and all neces- 
sary items for a complete installation, 
with a minimum of accessories. If this 
installation had been purchased as a year- 
round system, the duct sizes would have 
been somewhat larger, parts of the duct 


~ work would have been insulated, and the 


refrigerant piping, cooling controls, re- 
 frigerant, and numerous smaller items. 


~ 


three-horsepower condensing unit, 


KW -INTEGRATED 30 MINUTE DEMAND 


added equipment might have included a 
an 


aged designs assembled in factories, the 


price of the complete system to the user 


would be considerably altered. 
Energy Usage 


Figure 4 shows the effect on electrical 
demand of installation of various types of 
systems in the typical six-room house in a 
Pittsburgh climate. Curve A is for refer- 
etice, and shows the average hourly de- 
mand of an all-electric home, containing 
all electrical appliances except heating 
and air conditioning. It averages 360 
kilowatt-hours per month total usage, and 
it will be recognized readily that few 
homes of this size actually approach or 
seldom exceed this figure. Curve B shows — 


Zi 
~ HEATING 


“evaporator a mounted in the ee 


duct work, an evaporative condenser, 


If the same method of estimating is used 
as in the case of the simple furnace, this 
system complete would be sold for $1,650. 
Again, if the same basis for estimating is 


used, a 71/,-horsepower heat pump with 
two-step capacity modulation, outdoor- 


air evaporator supplemented with a 
1,000-gallon insulated water-storage tank 
for peak load, and automatic controls 
except for manual changeover from heat- 


_ ing to cooling, would be sold for $2,600. 


The heat pump might in some cases be 


' entitled to a credit of approximately $150 


because it would not need a chimney. 
These figures are not represented as being 
either average or typical, but are prices 
that might be encountered in a climate 
such as Pittsburgh if the standard heating 
and refrigeration equipment available 
today were used. The cooling equipment 
would be selected and installed by the 
contractor in the field from various de- 
signs and sizes of compressors, fans, heat- 
transfer surfaces, and so forth. Ob- 
viously, whenever a volume is reached 
sufficient to justify pre-engineered pack- 
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Figure 4. Kilowatt- 
demand require- 
ments of a_ heat 
pump at 

conditions 


the demand of a three-horsepower sum- 


mer air-conditioning installation in the 


same house on a hot day, when the out- 
door temperature reaches 96 degrees 


’ Fahrenheit in the afternoon. Curves C 


and D show hourly demand curves for a 


heat pump in this house on a mild day 


and on a zero degree Fahrenheit day, re- 
spectively. If this house were heated 
with electric resistance heaters, the peak 


demand of the heating system would be 


25 kw. 
Estimating the average annual energy 
consumption of a heat pump is obviously 
a tedious undertaking, because the coeffi- 
cient of performance is a function of out- 


door temperature and the result is doubly — - 
dependent on the weather. However, ap- 
proximate calculations for the average 


Pittsburgh climate, including both winter 
heating and summer cooling, give a total 
usage of 17,000 kilowatt-hours per year. 
If Pittsburgh represents an average cli- 
mate in the United States, for which 


reason it was chosen here, then, even after 
all homes have reached a lighting and 


appliance usage of 4,000 kilowatt-hours 
per year, it would require installation of 
heat pumps in only 25 per cent of them 
to double the domestic electric load. 
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various 


Conclusions Sage 


Louie apart from the besiazaeian’ 7 
bilities of heat pumps, these syste ms, 
- should receive greatly increased atten’ 
in the postwar period because of t 
commercial and industrial - applicatio: 
Many industrial applications will 
found where there will be an economic 
advantageous use for both the hea 
and cooling that these systems pro 
simultaneously. Many industrial and 
commercial applications will be foun nd 
where summer air conditioning is neces- 
sary, and where a high internal coo 
load will make the cooling equipment 
adequate as a heat pump without increas- 
ing its size. Again, the availability of — 
~well water or process waste heat a 
temperature too low for space heating 
above outdoor temperature may make 
the heat pump, as an addition to a cooling — 
system, far more attractive economic 
than in the case of the residential app 
tion. 

Tf the ines interest is to carry ov 
into the residential field and result in a 
widespread use, it is clear that furth 
development work will have to be done. 
At present costs and performance it can 
be predicted safely that usage will be 
very limited except possibly in south 
California and Florida, where the clim: 
is much more favorable than in Pit 
burgh. However, from the standpoint of 
first cost, it is also clear that the heat — 
pump, when developed, will be attractive — 
principally to those people who want and 
can afford to pay for over-all summer air 
conditioning of their homes and not for 
just one or two rooms. To date this 
market might be described as. extremely ; 
small but promising. Equipment con-_ 4 


- sisting of an electrically driven summer 


air-conditioning plant in combination — 
with a fuel-burning furnace has ‘reached _ 
a good stage of development, and appli- 4 
cation of it to residences is well past the q 
pioneer stage. However, it has not re- — 
ceived the promotion that manufacturers — 4 
and utilities gave to the household electric 
refrigerator, for example, when it was 

introduced. Certainly endeavors will be — 
made to promote it in the postwar ieee 

The future development of the heat pump 
for residential use probably will depend — 
upon the relative success or failure of these , 
endeavors. “ 4 
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Modern Cargo-Winch Control for Use 
on Victory Ships 


F. H. HOLT 


NONMEMBER AIEE 


HE 
used to load and unload a modern 
cargo vessel are required to give fast 
efficient operation. Wartime conditions 
have made the time for loading and un- 


loading cargo more important than ever. 


In addition to the need for optimum oper- 


ating characteristics, the war has also 
brought about changes in the construc- 
tion and assembly of the winches and 
their associated control. 
foot of deck space is needed to carry cargo 
to the fighting fronts, and the space 
allotted to the winch must be kept to a 
minimum. In the past the winch, the 
control panel, and the resistor had been 
furnished separately, then mounted and 
wired on the ship. The time to install 
all this equipment on the vessel is now 
too long to keep pace with the accelerated 


shipbuilding program. The problem is - 


being solved by furnishing the winch, the 
control, and the resistor, as a unit. This 


“be goreucd, 


unit is interconnected so that very little 
wiring must be done on the ship and the 


installation time is pay. reduced 


(see Figure 1). 
In this paper the operating character- 


istics required for an electric-driven cargo 


winch will be discussed. The manner in 


which these characteristics may be ob- 


tained by the use of a properly designed 
motor control, and the problems encoun- 


tered in incorporating control equipment 


in an enclosure mounted on the winch will 
/ 


Control Requirements for the 
Cargo Winch 


Most cargo is handled by using two 
winches operating on a burtoning rig 
(see Figure 12 and appendix). This setup 
results in one winch hoisting the load 


and transferring the load to the other 
winch which lowers it. 


Either winch 
will hoist a load of a ton and a half at a 
speed of 290 feet per minute. Desirable 
operating characteristics for these winches 
are: « 


“1. Speed characteristics sttitable for use on 


a burtoning rig. The speed of one winch at 


- 44-142, recommended ay the AIEE com- 


_ mittees on electrical machiriery and marine trans- 
portation for presentation at the AIEE summer 


technical meeting, St. Louis, Mo., June 26-30, 
1944. Manuscript submitted April 24, 1944; 


_ made available for printing May 16, 1944. 


F. H. Horr is in the industrial-control engineering 
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electric-driven cargo winces | 


- lowering a load into a lighter. 


Every square may be moving up to meet the load, by the. 


/ 


light load must be matched by the other 
winch operating at full load. 


2. Rapid acceleration and deceleration of 


‘the load to decrease the load travel time. 


Acceleration of the load is an important 
factor in placing the load under the hatch. 


3. Extremely low speed, from 10 to 20 
feet per minute, lowering to land heavy 
loads. This feature is important when 
The lighter 


action of a wave, which effectively increases 
the landing speed. 


4. High hoisting and lowering speeds with 
an empty hook, approximately 400 feet per 
minute to give fast loading cycle. 


5. Intermediate hoisting speeds at light 


loads are necessary to transfer the load 


smoothly from one winch to another. These 
intermediate hoist speeds also give better 
control of an empty hook. 


- 


6. Good jogging characteristics. 


~The desired cargo-winch operating 
characteristics may be obtained by the 
use of a d-c compound-wound motor. 
The proper connections of the motor to 
the line on the various operating points 
must be provided by the control equip- 
ment. These power-circuit connections 
for each point are shown, and the reasons 
why they are used are explained in the 
following. 


First-Point Hoisting — 


This is a low torque point used to take 
the slack out of the cable and gears. The 


One-unit cargo winches installed 
on board ship 


Figure 1. 
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motor is connected to the line through a 
relatively large value of resistance, which 
limits the torque that may be produced 
on this point. In order to reduce the 
light-line speed a resistance is connected 


directly across the motor, inside the line’ 


resistance, which limits the no-load arma- 
ture voltage. The circuit is shown in 
Figure 2, 


Second-Point Hoisting 
A relatively low speed with full load is 


needed on this point. This may be 
obtained by using the same circuit as 


used on the first point and merely re- 


ducing the line resistance. This circuit 
gives a little greater light-line speed and 


produces enough torque to hoist full 


loads slowly. The circuit is shown in 
Figure 2. 


‘Third-Point Hoisting 


‘The load speeds must be increased on 
this point and there is no need to hold 
the light-line speed to a low value as the 
two intermediate speeds provided on the 
first two points are sufficient. The load 
speed can be increased by removing the 
motor shunt resistor which also permits 


the light-line speed to increase. The 


circuit is shown in Figure 2., 


Fourth-Point Hoisting 
_ This point gives greater hoisting speed 
which is obtained by cutting the value 
of line resistance. 


Fifth-Point Hoisting 


The higher speed on this point is ob- 
tained by connecting the motor directly 
to the line. 


First-Point Lowering 


Extremely low speeds with all values of 
load are desirable on this point properly 
to land heavy loads. In addition, the 
motor should be capable of paying out 
cable with no load on the hook. The low 
speeds may be obtained by using a com- 
pound-wound motor, as a shunt-wound 
machine with heavy field excitation. This 
is accomplished by connecting the series 
field to the line through a resistor and 
shunting the armature across the series 
field. If the value of line resistance is 
kept low enough, the motor ‘will have 
sufficient breakaway torque to start a 
light line downward. The speed on this. 
point is extremely low, even with the 


heaviest overhauling load. The circuit is. 


shown in Figure 2. 
Second-Point Lowering 


The higher speed that is required on 
this point is obtained by weakening the 
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B. Hoisting power circuit dia- 
'. grams 


motor-field excitation. A resistance is 


Z also inserted in the armature circuit, 
so there will be a little more variation in 
speed with load. This lines up the full- 
load speed on this point with the no- 
load speed on the third point. 


See 
Figure 2. This is important when bur- 
toning a load, as one winch is handling 
full load and the other no load. The 


_ circuit is shown in Figure 2. 


Third-Point Lowering 


The increased speed on this point 
comes from a further reduction in field 
excitation, by the increased resistance 
in the series-field circuit. The rest of 


the circuit is the same as that on the 


second point. The full-load speed on this 


- point lines up with the no-load speed: 


on the fourth point, which is valuable 
for burtoning (see Appendix 1). The cir- 
cuit is shown in Figure 2. 


Fourth-Point Lowering 


Another speed i increase is obtained by 
a further reduction in series-field excita- 
tion. Full-load speeds on this point line 
up with the speed at no load on the fifth 
point. 


Fifth-Point Lowering 


A high light-line lowering speed to de- 
crease the time to return the empty hook 
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Figure 2. Chrybewineh control characteristics 


_ and connexons 
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A. Cargo-winch speed-load characteristics for 50- horsepower motor 


geared to winch with 15 to 1 ratio 


must be furnished on this point. ‘This 


speed is obtained by reducing the field 


excitation to a low value. 

In this case, the series field is Siliely 
removed from the circuit, and the only 
field comes from the shunt field. This 


speed is extremely high, and it would not. 


be safe to handle loads at this speed. 
For this “reason, the connection is main- 
tained only with light loads, and, if the 
hook is loaded, the control circuit auto- 
matically returns the motor to the fourth- 
point connections. ' 


Off Position 


An emergency dynamic-braking cir- 
cuit, made up of the series field, the arma- 
ture, and a resistor, is available in this 
position. This circuit automatically will 
provide a restraining torque for any over- 
hauling load in case of power failure. 


Description of Control-Circuit 
Problems 


A number of interesting control-circuit 
problems was encountered in obtaining 
the desired motor power. connections. 
Rapid response of the motor to the move- 
ment of the master-switch handle is 


needed to give good jogging character- 


istics. When the master-switch handle is 


moved, circuits are established to release 


the brake and to energize the motor. 


The pickup speed of the brake and the 
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’ 


time required for tae costae to close! 
determine the ease with which the load. 
may be jogged. The brake pickup speed ; 
is increased by the use of a quarter-volt- 
age coil on the brake, connected to the 
line through a resistor. This combina- 
tion reduces the effective circuit induct- 
ance which cuts the time of the current 
buildup, and thereby increases the pickup 
of the brake. The contactors ‘cael 
for this application pickup and drop out 
much faster than the ones previously | 
used. These contactors are connected in 
such a manner that they pick up directly 
from the master switch and do not t have 


wry : 
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Figlite 3. Acceleration curves 


- Hoisting from standstill to full speed with full 


load on the hook. Master switch thrown 


instantaneously from off position to” figtepelyy 
hoist 


* Motor operation on fifth point is with: 
weakened shunt field 


ELECTRICAL ENGINEERING 
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| an 


to wait for sequencing from other de- 
vices. enh . 

‘Another. function of the control is to 
make rapid acceleration of the load pos- 
sible. This is important when lowering, 
as it permits the stevedore to swing a 
load under the hatch coaming by start- 
ing the load to swing and then paying 
out cable as it swings in the desired direc- 
tion. The more rapid the acceleration, 
the more the advantage that may be taken 
of the swing to place the load in the de- 

sired position. Rapid acceleration in the 
hoisting as well asin the lowering direc- 
tion reduces the total travel time. Very 
rapid load acceleration without exceeding 
maximum permissible torque is obtained 
by the proper spacing of the speed-torque 


characteristics in the hoisting direction, 


the addition of a timing relay to main- 
tain operation on point three for a half 
a second, and the operation on point four 
for as long as it takes 3A contactor to 
pick up through an interlock on 24. 
The current-versus-time and speed-ver- 


sus-time curves for fast movement of the | 


master switch are shown in Figure 3. 
Faster accéleration in the lowering direc- 


tions is obtained by increasing the motor 


torque that drives the load downward. 
Gravity helps accelerate the loads in the 
lowering direction, and rapid release of 
the brake is important. 


The control problem that requires mere © 


attention than all others is the establish- 
ment of a decelerating circuit that will 
smoothly slow down a load being lowered 


_ at high speed without causing poor com- | 


mutation, The circuit must be laid out 
on the basis that a stevedore may be 
operating the winch at full load and full 
speed, and may then rapidly return the 
master switch to an intermediate or the 
off position. When the winch is lowering 
full load, the motor is acting as a genera- 
tor with a very weak field and its counter 
electromotive force is equal to or slightly 
higher than line voltage. As the master 
switch is moved toward the off position, 
the resistance in the motor loop circuit 
‘is decreased and the counter electromotive 
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Figure 4. Test data 


Deceleration from’ high-speed lowering with 
full load to standstill. Data from oscillogram 
taken during factory test on cargo winch 
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Figure 5. Elementary diagram of cargo-winch control 
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force will circulate a large current through 
the motor armature and series field. If 
the loop-circuit resistance is cut out 
quickly before the load is slowed down 
and the counter electromotive force de- 
creased, the current values will be large, 
and poor commutation will result. For 


this reason it is necessary to sequence the ° 


action of the contactors to give a time de- 
lay in reducing the resistance in the loop 
circuit. It is not enough to sequence the 
devices; a time-delay relay must provide 
prolonged operation with an intermediate 
' value of resistance. This slows down the 
load, thereby reducing the counter elec- 
tromotive force and the resulting current 
peak when the loop-circuit resistance is 
decreased. The current-versus-time and 
speed-versus-time curves obtained for 
rapid deceleration of full load are shown 
in Figure 4. The automatic-deceleration 
feature not only makes it possible to 
bring the load to rest as quickly as 
practical, but also permits plugging from 
the lowering to the hoisting direction. 
The deceleration of the load by the motor 
reduces the job to be done by the brake 
in stopping the load. On the winch-con- 
trol circuit, the release of the electric 
brake is held off until the timed decelera- 
tion is completed. This prevents the 
brake from setting until the dynamic- 


braking circuit has reduced the speed at - 


which the brake would be applied to ap- 


proximately one half. This reduces the 


wear on the linings considerably. 

One other part of the winch-control cir- 
cuit is the safety features provided. 
The use of a shunt-wound brake is neces- 
sary on this application, since the current 
distribution between the series field and 
armature circuit is not well suited for the 
use of a series-wound brake. The series 
‘brake usually is considered very safe, as 
it is located in the power circuit (between 
S2 and R4), and a failure in the supply 
sets the brake. Some of the safety fea- 
tures of a series brake can be obtained 


when using a shunt brake, if the coil of. 


the brake contactor is connected in series 
through H or L coils. This prevents re- 
lease of the brake if coils of either of these 
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Figure 6. Front view 
of unit winch control 
with all doors open 


a 


The most serious failure 


devices fail. 
which could occur would be that of the H 
contactor when hoisting, as the load 
starts to drop, and there is not as much 
tendency for the stevedore to return the 


handle to the off position. 
switch is provided for stopping the motor. 
The circuits are set up so that failure of 


-H or IDB contactors de-energizes the 


coil of the normally closed emergency 
contactor 2DB. This establishes the off- 
position dynamic-braking loop circuit. 
Another safety feature is the interlocking 
provided between the relay 24 R and con- 
tactor M. The relay 24R weakens the 
shunt field when it is de-energized, 
thereby providing higher light-line speeds 
on the last three hoisting points. If this 
relay should fail to remain in the closed 
position in the lowering direction, the 
motor speed would be high. This is 
very important on the fifth point as the 
contactor M is opened, removing the 
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safety features mentioned that ga 
necessary power connection is sho 
the elementary diagram (Figure 5) 
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Construction of Control Equipm n 


The specifications for cargo-winch con- 
trol.on the newer Noises ples oe n- 


con- 
tactor 


closed — 


on the side of the winch. In this 
the Ber ey must be Poe from. 


ae a minimum “amnoutit of spaces ~The 


standardized Maritime Commission de- 


sign for control equipment has the elec 
tric brake, the control panel, and the re- 
sistor located in separate compartments 
of a large waterproof enclosure oa the 


> P 


; 


Figure 9. Load relay “re 


7 


BLEerEre ENGIVEE RI NG 


i 


side of the winch. See Figure 6. The 


Case is constructed of */ieinch steel, re- 
inforced with partitions to give it in- 
creased strength. The control panels 
‘located in the “tniddle compartment must 
be easy to service and relatively easy to 


remove if this should be necessary. This. 


necessitates the panel being built in three 
sections which may be removed from the 
front of the enclosure. The weight and 


‘size of each panel is kept small by the 


use of a new-type marine contactor. The 
new normally open as well as the nor- 
mally closed contactors have their arma- 
titres pivoted on synthetic-rubber bear- 
ings. The normally closed contactor is 
provided with an Alnico magnet to give 


- rapid opening of the main contact tip. 


application. The relay is both small and © 


reached. A heater of 100-watt capacity 


See Figures 7 and 8. Totally enclosed elec- 
trical interlocks are used with these new 
contactors. The relays are located on 
the bottom panels, and the load relay, 
which gives high-speed lowering, with 
light load, is especially designed for this 


lightweight. The device has a magnetic 
circuit made up of an Alnico magnet and 
a series coil carrying motor-armature 
current. See Figure 9. The design of 
the device is such that it gives positive 
‘snap action when the critical value is 


is located in the panel compartment to 


keep the temperature above the outside. 


ambient temperature, and prevents con- 
densation of moisture. 


The magnetic brake is solenoid-oper- 


ated with the solenoid located above the 


motor shaft. This construction keeps the 
width of the brake compartment small. 
The brake designed for this application, 
shown in Figure 10, is a two-shoe brake. 
_ The brake resistor. also is located in the 
~ compartment. 


The power resistor (see Figure 11), 
which is located in the remaining com- 
partment, is called upon to dissipate 
quite a bit of power, particularly on the 
slow-speed point. It was not possible to 
furnish a totally enclosed resistor in the 


available space because of the tempera- 


ture rise of the resistor and case that 
would result. The only alternative was 
to provide forced-air ventilation for the 
resistor. The specifications require the 


resistor compartment to be watertight 


when the equipment is not being used and 


the ship is at sea. The openings used for. 


air intake and outlet for resistor ventila- 
tion are provided with watertight doors. 
These doors are ‘opened when the equip- 


ment is to be operated, and interlock 


switches connected to the doors prevent 
operation of the equipment unless the 
doors are open. The resistor units, boxes, 
‘and interconnections are built to operate, 
even though rain is being driven into the 
air openings. The entire front of the re- 


sistor compartment may be removed, if 


it is necessary to replace resistor units. 


All of the units are mounted in unit 
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boxes. 


Figure 10. Magnetic brake eat on unit 
cargo winch 


There are seven of these boxes, 
and each box slips into its own tray and 
is held in place by a clip at the back and 
two screws at the front. The intercon- 
nections between boxes are such that they 
may be removed from the front and the 
box taken out easily. The resistor venti- 
lation is furnished by a propeller-type 
fan which is capable of delivering 1,000 


cubic feet of air against a static pressure 


of 3/ inches of water. This fan is driven 


_ by a one-quarter-horsepower, 1,750-rpm 


series-wound motor. The series-wound 
motor being used to obtain maximum air 
delivery is located below the resistor. 


The fan actually delivers 1,500 cubic 


feet of air a minute, as the fan load is 


less than fan motor rating and the motot _ 


runs at 1,965 rpm. 

- It was necessary to run a series of tests 
to determine the manner in which the 
resistor should be built. The first test 
that was run on the resistors was to deter- 


mine the amount of power that could be 


put in each box with different numbers of 
boxes carrying current. That is, the top 
box is capable of carrying 145 per cent of 


its open power rating when no other 


boxes are in the circuit, but when all 
seven boxes are in the circuit the top box 
can only carry 105 per cent of its open 
power rating without exceeding the per- 
missible temperature rise. These data 
were used to determine the best location 
for each section of resistance in the stack 
of boxes. After the sections were located, 
it was possible to estimate the length of 
time each section could be left in circuit 
for the various master-switch positions. 
Data regarding the time required for re- 
sistor units of this type to reach tempera- 
ture with different percentages of their 


rated power applied made such estimating — 
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possible. On the basis of preliminary 
layouts, a sample resistor was made and 
tested under a great variety of operating 
conditions which would be encountered 
in actual service. Data already collected 
from numerous shipboard tests made 
over a period of years served as a back- 
ground for determining how long the re- 
sistor should be capable of operating on 
each point. Assumed duty cycles are of 
little value in estimating the sizes of the 
various resistor sections because of the 
abuse this type of control receives from 
unexperienced operators. The final de- 
sign of resistor contains 35 units and has 
ample capacity for operation on average 
duty cycle for 15 minutes without forced- 
air ventilation. Another feature of the 
resistor compartment is the thermal 
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with door removed 


Figure 11. 


BOOM 


OUTBOARD ——_ 
WINCH 7 


INBOARD 
WINCH 


/ SECTION VIEW THROUGH 
x // <—THE SHIP 


Figure 12. Sketch of burtoning method of 
loading and unloading a ship 
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various operating parts. 


switch which is employed to protect the 


_ resistor from dangerous overheating due 


to some unusual conditions, such as fan 
stoppage or blocking of the air-intake 
door. The fan motor is fed from the 
main contact tips on the control under- 
voltage relay and through the control 
fuses which should give fan operation as 
long as the control is energized. 


The resistor is very difficult to protect, 


as it is essential to trip out the control - 


for a small amount of power in the stack 
or from a relatively large amount. of 
power in the same length of time. The 
reason for this is that the resistor is made 
up of six sections, used in various circuit 
locations, and each section has a different 
power rating and time on requirements. 
A number of different types of thermal 


switches was tested, and it was found 
_ that the switch had to have a best heat 
response to protect the edgewise resistor 


units which do not have a great amount of 


thermal capacity. The next problem was 


to determine the exact spot where it 


should be placed in order to protect as. 


many of the sections as possible on the 
The location 
of the thermal switch was above the re- 


-sistor stack, so that the heat representing 
large kilowatt dissipation low in the stack 


would trip the switch. The unit also 
would function with a relatively low kilo- 
watt dissipation on the top units. The 
action in the latter case was mainly from 
radiation from the top units. This 
switch is entirely waterproof, as it is 
located where rain could damage it. It 
is not necessary to remove the thermal 
switch to take out resistor boxes, as it is 
mounted on the top of the air baffle. The 


_ thermal switch selected protected the 


resistor sections on most operating points 


_ as well as protecting the resistor on a 


normal operating cycle. 


: Appendix 


The method of cargo handling known as 


_burtoning consists of the use of two cables ~ 


connected to the load. One cable is fed 


_ over a boom which is swung above the hatch 
of the vessel, while the other cable is fed 


over a boom above the dock. A separate 
cargo winch is used: for each boom. Each 
of these winches is under the control of its 
own master switch. The winch that feeds 
cable over the boom above the dock is 


known as the outboard winch. The load 


is hoisted from the dock by the outboard 
winch. The winch that feeds the cable 
over the boom above the hatch is known as 
the inboard winch. The inboard winch 


pulls in slack cable but does not hoist any ~~ 


part of the load as the load is moved above 
the dock. As soon as the load is far enough 
above the dock that it may be transferred 
above the hatch, the inboard winch is 
speeded up. This pulls the load toward the 
hatch, and the load may be moved more by 
paying out cable from the outboard winch. 
The load may be lowered into the hatch by 


628 TRANSACTIONS 


“capacity.? 


Operation of Rectifiers Under — 
Unbalanced Conditions | 


E. F. CHRISTENSEN 


ASSOCIATE AIEE. - 


Te development of single-anode recti- 
fying elements has greatly stimulated 


the application of rectifiers to general 


industrial and essential duty loads. 
Sealed ignitron rectifiers! have been made 
available in a range of ratings, and 


industry is vitally interested in the’ per- 


formance of these equipments when 
operated under conditions of partial- 
anode complement, as when an anode 
is misfiring or is entirely out of service. 
_A multiphase mercury-arc rectifier and 
its associated transformer are designed, 


so that, under normal conditions, the 
current in all circuit elements will be 
balanced, and there will be no d-c com- | 


ponents of flux in the transformer core. 
When the rectifier equipment is operated 
on less than normal-anode complement, 
the circuit is no longer symmetrical, and 
the remaining anodes do not share the 
d-e load currents equally. Under this 
condition, a d-c component of flux exists 


' in the transformer core, and the inter- 


phase transformer is adversely affected 
by unbalanced currents in the two halves. 


The purpose of this paper is to describe - 
the distribution of currents in the various 


transformer windings and rectifying ele- 


ments under conditions of unbalance and | 
to indicate the effect of such unbalances . 
on the circuit duty and the rectifier 

The paper is concerned with 


the temperature rise of transformers, 
transformer life, and the duty on the 


rectifying elements arising from both the 
magnitude and wave shape of the anode 


currents. The problem is best approached 
from an analysis of measurements made 
on standard equipments. 


Scope of Tests 


The mercury-are rectifier utilizes a 
number of rectifying elements in combi- 
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the equipment is designed to meet def 


M. M. MORACK 


MEMBER AIEE 


nation with transformers and other a 
ratus. The heating of most of the com- 
ponents is determined by rms values, am 


nite temperature rise limits. The im 
portant factor in establishing temperatu 
limits is the thermal endurance of insu: 
tion and other materials used in constru 

tion. It is well known that the ar 
deterioration of insulating materials under 


the influence of time and temperature 


_ increases rapidly ‘with temperature. 


Th 
temperature rise, therefore, ee 
directly the probable life and reliability 
of the apparatus.? : q 
. The design and construction of the 
rectifying elements are such that time a: 
temperature have little effect on life 
The capacity of the device is limited only 
by the, ability of the ionized vapor 
conduct the current from the anode to the 
mercury pool and by the probability O1 
arc-back which increases as the peak 
current increases. The usual design of 
the rectifying element is, therefore, a 
compromise. between these factors. A 
design for low arc-back frequency is ac- 
complished by baffles and shields which 
tend to aid the deionization properties 
at the expense of are-drop and a decrease 
in the peak ampere capacity. These 


factors are not directly determined by 


temperature rise, since the capacity of 
the rectifying element is influenced by 
the characteristics of the circuit. The 
accelerated-load test, or “Joad-limit 
test,’’4 is used primarily to determine the 
capacity of the rectifying element. ; 

In order to determine the d-c load cur- 


rent which can be carried when ce 


on less than normal-anode complement 
without undue heating of any part of the 
rectifier transformer, or exceeding — the 
maximum loading at which the rectifying 
element is capable of operating without 
failure, it is necessary to know the dis- 
tribution and wave shapes of current in 
the primary, secondary, and interphase 
windings. The procedure used in obtain- 
ing data of this nature is to make tem- 


perature measurements and to study wave 
_ Shapes of currents with typical’ circuit 


arrangements, so that the analysis of 
4 


lowering the-load on the inboard winch and 
paying out cable on the outboard winch at 
a speed slightly in excess of the inboard- 
winch cable. The sketch in Figure 12 indi- 


cates the relative positions of the cargo 
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booms on the vessel. T. ere is hardly any 


Swinging of the load with experienced 


operators. This method of cargo handling 
permits rapid poetoe and saloetinay, sf ‘ 


vessel. 
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data obtained in a few specific cases will 
enable the design enginéer to predict the 
performance for a range of ratings. 

_ A typical circuit diagram of equipment 
for determining rectifier-circuit duty 
operating with less than normal-anode 
complement is shown in Figure 1. Shunts 
and ammeters connected in the anode 
leads permit the reading of the average 
anode-current distribution. A  multi- 
element oscillograph is used to obtain 
the wave shapes of all anode and trans- 
former primary currents. 


For most applications, circuits which 


utilize simple rectifiers operating in 
parallel are preferable. In such circuits 
the total load is divided equally between 
the simple rectifiers. Arce losses are a 


minimum, and the current capacity of © 


the equipment is a maximum. Tests, 
therefore, were conducted on equipments 
with double-wye transformers rated 150 
kw and 1,000 kw at 250 volts direct 


Figure 3. Core and top-oil temperature rise 


-1,000-kw double-wye transformer, five-anode 
\ operation 


TEMPERATURE RISE ABOVE AMBIENT - C 


TIME ~ HOURS 
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Figure 2 (right). 
5 : een) | Thermocouple loca- 
eum gre cHaNoER tions 


-former. 


Figure 1 (left). Arrangement 
of test. equipment 


Double-wye trans- 
former 

| eae 

| 
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current. Tests also were made on a 200- 
kw 275-volt d-c double-biphase trans- 
Test results on the 150-kw and 
1,000-kw equipment were very similar; 
hence, discussion is limited to the 1,000- 
kw unit. 


_ To determitie the transformer heating, 
readings of the top oil, ambient, and 
core temperatures were taken - under 
various conditions of loading. For core- 
temperature measurements, thermo- 
couples were placed in the main and inter- 
phase core during assembly with leads 
brought out through a manhole opening 
inthecover. The location of the thermo- 
couples for the double-wye transformer 
is shown in Figure 2. Because of the 
difficulty in locating the thermocouples 
on the hottest surface, which is the under- 
side of the top yoke, they were placed 
between laminations near the top and 
measurements corrected for the hottest 
surface temperature. 

To determine the duty on the rectify- 
ing elements, as well as to evaluate fac- 
tors affecting the permissible transformer 
load, an analysis was made of the primary 
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MAIN CORE INTERPHASE 
line current, anode currents, and voltage 
oscillograms. 


Test Procedure 


7 


NORMAL OPERATION 


To provide a basis of comparison, a 
normal heat run was made on a rectifier 
equipment with all anodes conducting. 
The rectifier transformer was rated 1,190 
kva and 6,600/243 L-N volts with a 
double-wye secondary winding designed 
for a 1,000-kw 250-volt 6-anode ignitron 
rectifier. The primary voltage was main- 
tained at 6,600 volts, 60 cycles, and the 
load was adjusted to a 4,000-ampere d-c 
output, at zero phase retard, and con- 
tinued until constant oil temperature 
rise was obtained. 

Since the a-c voltage across the inter- 
phase transformer and, consequently, its 
core losses increase with the amount of 
phase retard, the run was continued with 
15 per cent phase retard, until constant 
interphase core rise over oil was reached. 
Oscillograms were taken of the primary 


Figure 4. Core and top-oil temperature rise 


1,000-kw double-wye transformer, ‘three- 
anode operation 
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ANODE X2 


ANODE X3 


ANODE X4 


ANODE | X5 


Figure 5. Anode-current wave forms, double- 
wye rectifier, anode X, inactive 


voltage, primary and secondary currents 
in all phases. 


Frve-ANODE OPERATION 


Temperature measurements were made 
on the rectifier transformer operating on 
five anodes with anode X, disconnected. 
The primary voltage was maintained at 
6,600 volts, 60 cycles. The load was 
reduced to 2,300 amperes d-c output at 
zero phase retard and held until constant 


" main and interphase core rise over oil 


was reached, as shown in Figure 3a. The 
phase retard then was adjusted to 15 
per cent, and the run continued, as shown 
in Figure 30. : 

The load was increased then to five 
sixths of full-load rating or 3,333 amperes 
at zero phase retard and maintained until 
constant temperatures were reached, as _ 


21% 105% 104% 


Hy H3 
83.3 % LOAD 
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shown in Figure 3c. \ 
was set at 15 per cent, and the load held 
until constant core rise over oil was ob- 
tained, as indicated in Figure 3d. 


THREE-ANODE OPERATION 


To obtain data with one wye inactive, 
another run was made with the rectifier 
operating on anodes Xo, Xu, and Xe. 
The primary voltage was maintained at 
6,600 volts, 60 cycles. It was recog- 
nized that more than one-half load could 


Table I. Temperature Rise—Degrees Centi- 
grade at 15 Per Cent Phase Retard ~ 


Double-Wye Transformer 


Top Oil Inter- 

Above Main phase 

Number Ambient Core , Core 

Per Cent of Tempera- Above Above 
Load Anodes ture Oil Oil 


be carried with one wye operating; 
therefore, two-thirds rated load or 2,670 
amperes d-c output at 15 per cent phase 
retard was held until constant oil rise 
was obtained, The results of the test 
_ ate shown in Figure 4 and Table I. 


DouBLE-BIPHASE RECTIFIER 


‘Similar measurements were made on a 
200-kw 275-volt double-biphase rectifier. 
A heat run was made operating with all 


anodes conducting at 15 per cent phase 
retard and 100 per cent load current. 


The test was continued when operating 
with three anodes at 15 per cent phase 


retard and 75 per cent load current. 


Analysis of Data 


TEMPERATURE MEASUREMENTS 


A summary of temperature measure- 
ments of Figures 3 and 4 are shown in 
Table I. ~ 

It may be seen that the transtonated 
core temperature rise over oil does not 


Figure 6 (left). Rms current distribution in 
per cent rated current 


Double-wye rectifier, five-anode operation 


- 


\ 
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Figure 7 (right). Rms 

current distribution 

in per cent rated 
current 


Double-wye  recti- 
fier, three - anode 
operation 
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The phase retard 


this condition of operation. 


" Anode 2 3, a 


Peak amperes. . 


Average amperes: ee rarens 831.. 3 : 
Rms amperes......: 1,466. . 789.1, 138.. 926. i 
Ratio effective/ 
average,......+.. 1.76. 1.85. 1.77. 1. 76. 1.76 
Table Ill * 
' . = eae (asa 
Harmonic ~ Per Cent It, Fe 
‘Fundamental 89.0 +49 
ee Pe Rone mires ocr O % 
3 = 
Bina ieee rea eee 6.3 2 
Beaks Neh ae Gp eee 6.8 
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uN 
increase appreciably when operating a 
rectifier on less than normal-anode com- 
plement, and. that, under any of these 
test conditions, the hottest core surfac 
rise above ambient temperature did n not 
reach the permissible limit of 65 a 
centigrade, The core temperature, there- 
fore, is not a determining factor in limit- 
ing the load which can be carried unde 
Table II shows the data obtained ae 
an analysis is made on a typical oscillo- 


gram of anode current, as shown in 


Figure 5. 


The rms sen distribution ine a 


cent of rated current in the various 


transformer windings of a _double-wye 
rectifier with one anode inactive and wit! 

zero phase retard is shown in Figure 6. 
It may be noted that the output of the 


_ rectifier will have to be reduced approxt- 


mately to 60 per cent of rated d-c current 
in order not to exceed the normal current 
rating of any winding. . Under emer- 
gency conditions, © however, it may be 
necessary to overload and, consequently, 
decrease the transformer life expectancy: 
The current distribution for a doubk 


wye rectifier. operating with three anodes 


in one wye inactive is shown in Figure 7 
It may be noted that, at 66.7 per ce ent 
rated load, the primary -current is 4 


02% 02% 102 % ‘a 
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rectifier operating at 15 per cent retard 


‘ 


Table IV. Temperature Rise—Degrees Centi- - 


grade : 


Oil : Inter- 
' Above. Main Teaser phase 
Per . 


Num- Ambient Core Core Core 
Cent berof Tem- Above Above Above 
Load Anodes perature Oil ‘Oil Oil 
POOR ae 2a eae QS des.5 Ae ose s Bee Bare 8 
PRG scare Bis sctearys Bh Aa. rene ose tins ll 


per cent of normal rated load which 
indicates a large component of exciting 
current and considerable d-c flux in the 
transformer core. Another disadvantage 
of operating with one wye is that the dis- 


tortion of primary line current is in- 


creased. The analysis of an oscillogram 
of primary line current gives the harmonic 
components in per cent of the total effec- 
tive current, as shown in Table III. 

The temperature rises obtained when 
one anode is inactive in a double-biphase 


are summarized in Table IV. 
The rms current distribution in the 


‘various elements for 75 per cent rated 


load current is shown in Figure 8. The 
output will have to be reduced approxi- 
mately to 50 per cent of full load in order 
not to exceed the rated current of any 
transformer winding. ~~ 


Duty on RECTIFYING ELEMENTS 


The duty on the rectifying elements 
when operating on less than normal- 
anode complement arises from both the 


, Lt. oan t 
Af y b y 75%—>+DG_ 
Figure 8. Rms current distribution in per cent 
: rated current 


Double-biphase rectifier, three-anode opera- 
a tion 
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magnitude and the shape of the current 
and voltage waves. Since the instan- 
taneous arc-drop is a function of the 
instantaneous current, the peak current 
is an important factor in determining 
the duty on the rectifying element. On 
the other hand, the residual ionization is 
a function of the peak current which has 
passed during conduction and, therefore, 
influences the probability of arc-back. 
The ratio of peak current to load current 
in the anode following an inactive anode 
in a double-wye rectifier increases from 
0.5 for normal operation to 1.0 under 
operation with one anode inactive. A 
similar increase is noted for the anode 
preceding an inactive anode. 


- The final commutation rate provides 


Figure 9. Load-limit tests 


Double-wye rectifier, normal- — 
and partial-anode complement 
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PHASE RETARD — 


DURATION 


D-G VOLTAGE 


ANODES 


a further measure of the duty on the rec- 
tifying element. The residual ionization 
present at the beginning of the inverse 
period depends on the rate of reduction 
of current during the last few degrees of 
conduction. Kingdon and Lawton® have 
indicated that the frequency of arc- 
back is a function of the product of initial 


_ inverse voltage by the final commutation 


rate. Both of these factors are increased 
when one anode in a rectifier is inactive; 
however, if the loading is reduced to 
come within the current limitations of the 
transformer windings, the frequency of 
arc-back is not increased, Figure 9 shows 
load-limit tests on a double-wye rectifier 
operating with normal-anode complement 
compared with five-anode operation. 
The five-anode load limits are roughly 70 
per cent of the limits with all anodes 
active. 


Conclusions 


1. The transformer core temperature in- 
creases somewhat when operating a rectifier 
‘on less than normal-anode complement, but 
it is not a factor limiting the amount of load 
which can be carried under this operating 
condition. 


CATHODE AMPERES 


2. Because of the large unbalances in rms 
coil currents with one anode inactive, it will 
be necessary to reduce the load to consider- 
ably less than five-sixths load for the double- 
wye connection and three-fourths load for 
the double-biphase connection. The tests 
indicate that the load will need to be re- 


duced to 60 per cent for the double-wye 


connection and to 50 per cent for the double- 
biphase circuit, if the current rating of any 
transformer winding is not to be exceeded. 


3. <A very large exciting current is present 
when a double-wye transformer is operated 
with only one wye carrying load, indicating 
the presence of considerable d-c flux in the 
core. 


0% 15% 0% 15% 
5-MINUTES 5 “MINUTES 
Ego = 618 VOLTS 
6 5 


4. If the anode of a double-wye rectifier is 
inactive, more load usually can be carried 


on the remaining five anodes than can be © 


carried using one secondary wye. — 


5. If one anode of a double-biphase-con- 
nected rectifier is inactive, as much load can 
be carried on two anodes operating single 


_ biphase as can be carried on the three re- 


maining anodes. 
6. When the loading is reduced, because 


of the current limitations imposed by the 


transformer windings, the arc-back fre- 
quency is not increased when operating a 
double-wye rectifier on less than normal- 
anode complement. } 
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An Aircraft Differential-Voltage Cutout 


O. C. WALLEY 


- ASSOCIATE AIEE — 


- Synopsis: Experience obtained with present 


multiengine aircraft electrical systems 
indicates a need for preventing interchange 
of current between generators when the 
system is operating at light loads. Such 
current interchange causes reverse-current 
cutouts of conventional design to connect 
and disconnect their respective generators 
to the system so rapidly that the action is' 
called ‘‘chatter.’”’ Conventional cutouts 


connect the generator to the system when 


the generator voltage is above a pre-set 
value. The differential-voltage reverse- 
current cutout connects the generator to 
the system when. the generator voltage is 
a pre-set value above the system voltage. 


A description is given on the design, opera- 


tion, and advantages of a differential- 
voltage reverse-current cutout which pre- 
vents interchange of current between the 
generators. ; 


Oo. of the major problems on large 


multiengine aircraft electric systems 


is the prevention of the interchange of 


current between the generators when- . 


the system is operating at light loads, 
Parallel operation of the generators is 
accomplished with a circuit using equal- 
izer windings on the voltage regulators. 


The effectiveness of this circuit is pro- — 


portional to the difference in load current 
of the generators. This means that 
there is no paralleling action at no load 
and very little paralleling action at light 
load, which is the normal condition on 


an airplane. Loads nearing the capacity 


of the system may be encountered for 
only a few minutes on each flight. Voltage 
regulators have an accuracy of plus or 
minus two per cent over the entire range 
of ambient temperatures and generator 
speeds. The nominal setting for voltage 
regulators is now 28 volts. The specified 
tolerance allows the voltage regulators to 
regulate the generator voltage at any 
point between 27.5 volts and 28.5 volts. 
This small variation in voltage causes 
reverse current to flow to one or more 
generators. Reverse current flowing to a 
generator causes the reverse-current cut- 
out to disconnect the generator from the 
system. However, the generator voltage 
may be above the pickup setting of the 
cutout so that it will reconnect the 
generator to the system. 

Consider the case of an aircraft elec- 
trical system containing two generators 
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operating in parallel under the control’ 


of two voltage regulators and two con- 
ventional cutouts.!:2 The voltage regu- 
lator of the first generator is set at 28.5 
volts and its cutout is set to connect the 
generator to the system at 26.5 volts. 
The voltage regulator of the second 
generator is set at 27.5 volts and its 
cutout is also set to connect the generator 
to the system at 26.5 volts. With both 
generators connected to the system, cur- 
rent will flow from the first generator to 
the second generator. This condition 
causes the cutout of the second generator 


Figure 1. A 200-ampere differential-voltage 


cutout 


to disconnect it from the system. With 
the cutout of the second generator opened. 
by reverse current, the voltage on its 
operating coil is 27.5 volts; 


Therefore, the cutout of the second 
generator will reconnect the generator 
to the system and the action just ex- 
plained repeats. Due to the rapidity of 
this action, it is called “‘chatter.’’ When 
this condition occurs the respective 
cutouts are continually operating, 
shortening their life in some instances to 
relatively few hours. 


From this description it is evident that 
‘there is a need for a method of preventing 


interchange of current between genera- 
tors when the pent is operating at 
light loads. - 

The simplest means of eliminating the 
cutout “‘chatter’’ is to change the prin- 
ciple of operation from a device which 
measures the generator voltage (auto- 


motive type) to a device which measures: 
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which is 
one volt higher than its operating voltage. 


eee and the system a Hl a . 
this new cutout is Sey a differ sntia E 
pore cutout. 


age pce + abe ysteud a ocd a pre. e- 
determined difference voltage. The sys- 
tem voltage may vary over a wide rang 
without ‘chatter’ of the differential. 
voltage cutout. In electrical systems 
using the differential-voltage cutout a 
generator cannot be connected to the 
system until the system voltage decreases 
to a point where the generator has suffi- 
cient voltage to supply part of the load. a 


Description 1 eS 


Figure 1 shows a differential-voltage 
reverse-current cutout designed for use 
with any d-c generator having a oe” 
regulated voltage of 28.5 volts and a 
current rating up to 200 amperes. The 
device occupies a four-inch cube and 
weighs two pounds six ounces. Keg 
mounting holes on three-inch centers are 
provided in lugs extending from the 
cover. All terminals extend from th 
top so that cables may be attached from 
any direction. The unit is entirely 
enclosed for operation in atmospheres 
of the severest dust and moisture content. 
Its operation shows negligible change 
when vibrated at frequencies up to 55 
cycles per second with a total excursion 
of 1/1, inch, 

Td dlate difcrentiakaalehee cutout con- 
nects the generator to the system whe 
the generator voltage is 0.4 volt above 
system voltage. The system voltage 
may be at any voltage above 20 volts. 
A reverse current of 16 amperes causes 
the cutout to disconnect its generator 
from the system. Besides the 
function, the cutout performs other 


necessary duties: 


1. Operates on a dead bus—when a gener- 


ator is up to speed and there is no other 


source of voltage on the system this cutout 
connects the generator to the system when 


a load as small as eight watts is connected. q 


2. Operates asa starting switch—when the 
differential-voltage cutout is installed with 
an auxiliary power plant its contactor coil 
may be energized separately from the bus 

so that the contactor serves as a starting 
eek to start the auxiliary engine. q 


3. Protects the system against reverse 
generator polarity—if the generator builds 
up with reversed polarity, it is Possible to 
have 60 volts across the differential circuit 
of the cutout. Under this condition the 
cutout does not operate nor is the differen- 
tial circuit damaged even though its operat- 


ing voltage is only 0.67 per cent of ‘this 


value. ° ] 


4. Protects the system against short. eir- 
cuits—should a generator suddenly lose its 
field or become short-circuited, a heavy 
surge of reverse current will flow througt 
it. The cutout mist, be capable of opening 
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this current without damage to the cutout 
or further damage to the generator. The 
contactor of this cutout has interrupted 
sd 500 amperes et 50,000 feet altitude. 


Design . 


A differential-voltage cutout presents 
several design problems not encountered 
with the conventional cutout. The 
primary considerations are protecting 
the differential-voltage winding against 
overheating and interrupting the differen- 
tial-voltage winding to prevent discharg- 
_ ing the battery when the generator is idle. 

Because the differential-voltage wind- 
ing must have sufficient excitation to 
operate on an extremely low voltage, it 
is impractical to make it withstand full 
system voltage (for the case of a, dead 
- generator) or double system voltage (for 
_ the case of a reversed generator) without 
overheating. The winding is protected 
by connecting a relay across the differen- 
tial circuit which operates at a low enough 
voltage to protect the differential-voltage 


winding by inserting a ‘cab ad in the 


circuit. 


On the conventional cutout the operat- 
ing coil is connected - to the generator, 


side of the contactor so that the coils 


_are not energized when the generator is 
The nature of the differential- 


idle. 
_ voltage cutout makes it necessary to 


interrupt the differential-voltage circuit, — 
in addition to the main circuit, to prevent 


discharging the battery when the genera- 
- tor is idle. 


Two main units comprise the cutout 


illustrated by Figures 1 and 2: a polarized 
_ differential-voltage reverse-current relay, 


-djstinguished by the square coil, and a | 


magnetic contactor. Two auxiliary relays 

control the differential-voltage winding 

- on the reverse-current relay. Figure 3 is 
_ a schematic diagram of the cutout. 

The square spool of the reverse-current 

relay coil contains three windings. An 

‘inner differential-voltage winding RCD 


is connected between the generator 


positive terminal and the battery positive 
terminal through the contacts of the two 
auxiliary relays. A holding winding 
RCH, in series with a 470-ohm resistor, 
is connected between. the reverse-current 
Telay. contacts and ground. An outer 
" series winding RCS, consisting of a single 
turn of copper strap, is connected be- 
tween the generator positive terminal 
and the generator side of the contactor. 
The differential-voltage winding operates 
' the reverse-current relay contacts RC. 

The holding winding produces the mag- 
netic force to hold the reverse-current 
relay contacts RC closed when the 
_ differential-voltage winding is short- 
circuited by the contactor contacts C. 
The series winding adds magnetically to 
the differential-voltage and holding wind- 
ings when the generator is supplying 
current to the system. Polarization is 
accomplished with a permanent magnet. 
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_ ing magnet of the contactor, 


‘ 


The design of this relay produces a strong 


opening force on the relay armature 


when a heavy surge of reverse current, 


such as can be caused by a short-circuited 
generator or the loss of a generator field, 
flows through the series winding. As 
the reverse current increases, the relay 
opening force increases.1. It is impos- 
sible for this type of relay to “lock in” 
on a heavy reverse current. 

On other types of reverse-current relays 


‘it is possible for a heavy surge of reverse 


current in the series winding to reverse 
completely the polarity of the magnetic 
circuit. When. this condition occurs, 
the relay holds its contacts closed and 
the heavy reverse current continues to 
flow, causing additional ane to the 
system. 

A special design is used on the aperets 
Magneti- 
cally it operates as a solenoid magnet in 


Figure 2. A 200-ampere differential-voltage 
cutout with cover removed 


the open position and as a lifting magnet 


in the closed position. This arrangement 


uses advantages of each type of magnet 


and produces a contactor of minimum 


weight for the forces obtained. The 
contactor coil is composed of a main 
winding CM, and a holding winding CH. 
The main winding has low resistance and 


is used to operate the contactor. When 


the reverse-current relay contacts RC 


close, full generator voltage is impressed 


across this winding. As the contactor 
contacts C close an electrical interlock 
opens, making the holding winding CH 
in series with the main winding. The 
contact force obtained with this contactor 
is 4.5 pounds per contact, producing a 
voltage drop across the cutout of only 60 
millivolts at 200 amperes. 


Both auxiliary relays have two contacts | 


in parallel for added reliability in com- 
pleting the low differential-voltage cir- 
cuit. Relay Al is normally open and 
is in series with a rectifier. It is used to 
complete the differential-voltage circuit 
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when the generator voltage is over 20 


volts. The rectifier is used as a d-e 
valve and prevents the closing of relay 
Al, if the generator builds up with re- 
versed polarity. Relay A2 is normally 
closed and is connected across the 
differential-voltage winding. It protects 
the differential-voltage winding against 
over voltage. When the voltage on the 
differential-voltage winding exceeds four 
volts a resistance of 80 ohms is inserted 
in the circuit. 


Operation 


With switch S in the number 1 position 


the differential-voltage cutout is ready 
for operation. . 
is increased until its terminal voltage is 
20 volts, relay Al will operate and 


complete the differential-voltage circuit. — 


With a battery voltage of 25 volts there 
is 5 volts across the differential winding. 


Since this voltage is also applied- to the — 
coil of A2, the latter operates and inserts’ 
the resistor in series with the differential- _ 
voltage winding RCD. Increasing the — 
generator voltage decreases the differen- _ 
When the generator voltage © 


tial voltage. 
is equal to the battery voltage there is 
no voltage on the coil of relay A2. There- 
fore, A2 releases and closes its contacts, 
causing the resistor to be short-circuited. 


Now the circuit has only the low re- 
sistance differential-voltage winding to — 
differential- 
Increasing the gener- — 


limit the current in the 
voltage circuit. 
ator voltage to 0.4 volt above the battery 


reverse-current relay coil RCH. The 


contactor coil closes contacts C which 
connects the generator to the load bus. © 


The differential-voltage cutout is now 


in the normal operating position. De-— 
creasing the generator voltage below the — 


battery voltage causes reverse current 
to flow from the battery to the generator, 
With current flowing in the reverse direc- 
tion, relay coil RCS magnetically opposes 
relay coil RCH. Increasing the reverse 
current to 16 amperes causes the reverse- 


When the generator speed 


ie 


voltage causes contacts RC to close, — 
energizing the contactor coil CM and the 


current relay to open the contactor coil — 
circuit and disconnect the generator from é 


the load bus. 


If the generator builds up with reversed 


wes gs 


LOAD BUS 


Figure 3. Schematic diagram of the differ- 
ential-voltage cutout 
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_ 1. The contactor of the cutout protects 


p%e 


polarity the rectifier will block the current 


and prevent the closing of relay Al. 

To use the contactor of the differential- 
voltage cutout as a starting switch for 
starting an auxiliary engine, place switch 
_S in the number 2 position gaping the 
starting period. 


Advantages 


Two fundamental improvements are 
obtained in the operation of aircraft 
electrical systems by using the differen- 
tial-voltage cutout in place of the con- 
ventional cutout: : 


1. Cutout “chatter,” which occurs with 
conventional cutouts when the system is 
operating at light. loads, is eliminated. 


ya 2. The generator may be connected to the 


_ system at any voltage above 20 volts. This 
is particularly important on long flights 
where the generator speed is below the speed 
necessary to produce normal voltage. With 
this condition the battery supplies all of 


the load current until its voltage drops below 


the generator voltage. At this point the 


generator is connected to the system, pre- 


venting complete discharge of the battery. 


. Three additional improvements are 
included in the differential-voltage cutout 


which produces greater reliability of 


operation than is obtained with the con- 
ventional cutout: 


the system when a short circuit occurs in 
the generator. 


2. Operation is not impaired in atmos- 
, Pheres of the severest dust and moisture 
content. 

8. Operation is not impaired by vibration 

conditions encountered in aircraft service. 


- Conclusions 


type of cutout. 
voltage cutout has several advantages: 


It has been shown that a cutout which 


is designed for differential-voltage opera-_ 


tion has all of the advantages and none 
of the disadvantages of the automotive 
Also, the differential- 


not obtained by using ae other principle 
‘of operation. 

The outstanding success of the differen- 
tial-voltage cutout is exemplified by the 
preparation of an Army-Navy Speci- 


- fication-for a differential-voltage cutout 


intended to supersede the automotive 
type of cutout. 
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A Unique Marios Magnet. Ratio ‘ 


Instrument 


F. R. SIAS 
NONMEMBER AIEE 


7 


Synopsis: 
type of moving-magnet d-c ratio instrument. 
An instrument designed for temperature 
measurement in aircraft is described in 


detail. 


HE remote indication of oil and cool- 

ant temperatures on aircraft has been 
accomplished principally through the use 
of temperature-sensitive resistance bulbs 
and moving-coil ratio instruments. A 
survey of the requirements indicated that — 
a moving-magnet instrument could be de- 
veloped which would fulfill these require- 
ments and have characteristics of sim- 
plicity, serviceability, ruggedness, and 
‘Such instruments, both single 
and dual, are illustrated in Figure 1. 


Principle of Operation 


! 


‘In this instrument the permanent- 
magnet rotor position and the indication — 


_ are determined by the fluxes produced by 


fui t 

4) 

4 

ae | 
Figure 1. Moving- 
magnet ratio-type — 
temperature indica- 

tors — 


two mutually perpendicular coil groups. 
One coil group carries substantially con- 
stant current; the other carries current 
which is a function of the temperature 
bulb resistance. 

Figure 2 shows the coils and rotor ar- 
rangement. The small outer coils serve to 


set up a diametrical flux along the axis of © 


these coils. This flux corresponds to vec- 
tor B in Figure 3. The current in these 
coils is approximately constant for all 
indications at any given supply voltage. 
The large inner coils serve to set up a 
diametrical flux along the axis of these 
coils and perpendicular to the axis of the 
small outer coils. This flux corresponds to 
vector Ain Figure 3. The Currents in these 


Paper 44-152, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
26,'1944; made salable for printing May 22, 


~ 1944, 
F. R. Srss and D. B. Fisk are both with General * 


Electric Company, West Lynn, Mass. 
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This paper describes a unique | 


this diagram vector C is the result 


P- 
_ ful for purposes of an elementary explana- 


‘various distorting effects. _ ay 


ous fields. 


‘D. B. FISK 


NONMEMBER AIEE ~ 


This is lastented4 in Pies 3 ent 
tor A.is downward at —70-degrees-c 
grade indication, zero at +40-degree: 
centigrade indication, and upward ai 

+150-degrees-centigrade indication. ‘ 


The rotor is magnetized parallel t 
surfaces, and the rotor aligns itsel: 
the resultant flux lines. Figure 3 is | 


tion of operation but does not inclu 


In the actual device the two sets of 
are surrounded by a high- perme 
os shield. uae : Darnose 


internal fluxes and to screen out extrane- 


The Circuit PS BAK 
The circuit used is chGean’ in Ri one 4, 
Resistors Ry, Re, and R; are fixed arms in 
a Wheatstone bridge, and R;, is sf resist-_ : 
ance-type thermometer bulb. 
ance values are practically indepe: der 


center-scale (+40 degrees centierelen 
indication and is unbalanced at all ae 
indications. Atindications below approxi. | 
mately 40 degrees centigrade unbalance 
current flows through coil A from Ry toy. 
At indications above this value current 
flows through coil A in the opposite direc- 
tion, Because of the values of fixed re- 


sistances in the circuit, a in bulb { 


ee 
ay. 


sé 


sp 


. pivots. 


resistance cause less than +5 per cent 
variation in the outer-coil current for all 
scale indications at any given values of 
voltage and ambient temperature. 
elementary considerations this current 
may be assumed constant. 


Construction and Adjustments 


Figure 6 illustrates the construction of » 


a single-element temperature indicator. 
The element is cut away showing the 
close magnetic coupling between the rotor 
and the two inner coils. These coils are 
wound on insulated copper-coil forms, 
which provide a damping structure close 
to the rotor to damp excessive pointer 
oscillations. 

The permanent magnet rotor material is 


_ sintered oxide, chosen for its high coercive 


force and low density. The dimensions of 
the rotor were selected as a result of tests 
made to determine the optimum alloca- 
tion of space to coils and rotor, for the case 
of a 0.7-inch-diameter enclosing shield. 
The rotor is mounted on an aluminum 
shaft provided with tantalum-—tungsten 


shaft over locating flats by a nut. 
Directly above the element are two ad- 
justable resistor spools, each consisting of 
a fixed-coil portion and a small rheostat. 
Resistance R; in Figure 4 includes one 
of these adjustable rheostats. This con- 
trols the balance point of the bridge and, 
consequently, substantially fixes the loca- 
tion of the center-scale point. 
Resistance R; is similarly adjustable by 
the other rheostat and by shunting action 
determines the amount of current in coil 


_ B, hence, the length of vector B in Figure 


3, and consequently the scale length. 
Permanency of these adjustments is ac- 
complished by soldering the rheostat con- 
tact arms to the windings. 


COILS ASSEMBLY 
(POINTER AND 
ROTOR NOT SHOWN) 


ROTOR — 


MAGNET 


Figure 2. Arrangement of coils and rotor 
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For 


The pointer is secured to the 


Figure 3. Wector diagram for 
. fluxes from coils 


+150°C 


+12V +24V 


Figure 4. Temperature-indi- 
cator circuit 


OHMS PER DEGREE C 


BULB TEMPERATURE-DEGREES C 


Figure 5. Temperature—bulb-resistance char- 
acteristics . 


Figure 6, Sectional 

view of single-ele- 

~ ment moving-magnet 

ratio-type tempera- 
ture indicator 


- Scale Distribution ¥ 

In order to attain the required linear 
scale the introduction of nonlinear effects 
is necessary. Figure 7 shows the crowd- 


_ ing at the scale ends, which would occur if. 


the effective vector B of the small outer 
coils were constant for every scale posi- 
tion, and if the vector A of the inner coils 
were of a magnitude proportional to the 
variation of the indicated quantity from 
the center-scale value. Figure 8 shows 
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=70 -50 -30 -I0 +10 #30 +50 #70 +90 *II0 +130 +150 


how a gradual shortening of vector B, with 
departure from center scale, makes the 
scale distribution uniform. 

The nonuniform distribution of Figure 7 
is approached when a purely cylindrical 
rotoris used, The uniform distribution of — 
Figure 8 is practically realized if the rotor 
has flat sides parallel to the rotor-flux 
tines: 2° 

Figures 9 and 10 illustrate the manner 
in which the flat-sided rotor effects a lin- 
ear-scale distribution. 

The flat-sided rotor produces a large 
reduction in magnetic coupling between 
the outer coils and the rotor with rota- 
tion away from the center-scale position. 
This is illustrated by Figures 9 and 10. 
This effect corresponds to the desired 
shortening of vector B. . 


Power-Failure Indication 


Power-failure indication is accom- 


‘plished by a small magnet assembled in 


the subbridge with the magnetic axis per- 
pendicular to the center-scale rotor axis, 


so that, in the absence of excitation, the — 


pointer is moved off the lower-scale end. 
The torque of this small magnet is supple- 
mented by a permeance torque obtained 
by shaping elliptically the shield enclosing 
the coil structure, and by aligning the — 
minor axis properly. 

Both torques vary in an essentially 
sinusoidal manner with the permeance 
torque in second harmonic relationship to 
that of the small magnet. These torques — 
and their uniform resultant are shown in 


; 


Figure 11. a 
The uniform resultant provides ade- 


quate torque well beyond the scale ends 
and eliminates the peak at center scale, 
thus minimizing the frictional and voltage- 
error problems. 

The down-scale shift in indication, 


which these torques tend to produce, is 


corrected by adjustment of R;, Figure 4. 
Voltage Error 


Fundamentally, the rotor position de- 
pends upon the ratio of the currents in the 
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‘ 


’ 


\ Figure 7. Scale dis- 
_- tribution with cylin- 


_ two sets of coils and not upon magnitudes. 
In the absence of pull-off magnet and 
shield torques, the indication would be in- 
dependent of applied voltage. 

The pull-off magnet and shield torques 

' cause the pointer to move down scale as 
the supply voltage and, consequently, the 
torque contributed by the coils are re- 
duced: . Reduction of voltage from 28.5 
to 22.5 volts generally causes errors less 
than three degrees centigrade at any 
scale Paints 


Ambient-Temperature . 
Compensation 


Errors caused by change in ambient 
temperature are of two types. The first is 
a change in scale length which is caused 

_ by disproportionate changes in the cur- 
rents in coils A and B. With reference to 
_ the right-hand diagram in Figure 3 and 


15 


-50 B 


Figure 8. Scale dis- 
tribution with flatted 


drical rotor rotor 


the circuit of Figure 4, suppose that the 


ambient temperature is raised, and sup- 


pose that Ris omitted. Then, because of | 


_ the increased resistance of the copper coil 
A, the current in that coil would decrease, 
and vector A would be shortened. How- 
» ever, the current in coil B would not 
‘change appreciably, and vector B would 


not change. The dashed vector C shows | 


the resultant in this case. The angle be- 
tween the solid vector C and the dashed 
vector C represents a shortening of the 
scale. 
If resistance R; of low-temperature- 
resistance coefficient is placed in the cir- 
_ cuit, then the current in the copper coil B 
can be made to vary in accordance with 
the variation of the current in coil A. At 
room temperature a portion of the battery 
current passes through coil B and is 
governed by Re and Ry. 
peratures a lesser portion of the battery 
current passes through coil B. With refer- 
ence to Figure 3 again it is apparent that, 
if vectors A and B are shortened propor- 
tionately, the resultant vector falls on the 
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At elevated tem-- 


Jouieen erat rhapvent no change in 


scale length occurs, and compensation is — 


accomplished, Since this type of com- 
pensation depends upon diverting a frac- 
tion of the battery current through coil B, 
and since the ampere turns produced must 
be correct for a given scale length, it fol-_ 
lows that this type of compensation is 
primarily a function of the number of 
turnsincoilB.  . 

The second type of temperature error 
is caused by a change in torque as the re- 
sistance of coils A and B vary. Suppose 
that at elevated temperature both coil 
currents decrease by say ten per cent. 
Then the torque contributed by the coils 
also will decrease ten per cent. The pull- 


off torque then will cause the pointer to — 


move in a down-scale direction for all 
indications. This effect is compensated 
by including in bridge arm R..a certain 
amount of  positive-temperature-coefh- 


Figure 10. Coup- 

ling between rotor 

and outer coils 90 

degrees from center 
scale 


Figure 9. were 

between rotor and 

outer coils at center 
scale 


cient material, in this case, copper. If the — 


ambient temperature is elevated Rs» in- 
creases, and the bridge values change in a 
sense to cause the pointer to move up 
scale. Since bridge arm R; is opposite to 
bulb arm R,, an increase in R, acts in the 
same direction as an sncrcabe in bulb re- 
sistance, 

Self-heating errors are negligible be- 
cause of the very low heat dissipation and - 
the corrective effects of the ambient-tem- 
\perature compensations. 

Table I includes observed ambient- 


temperature errors on a typical instru- 
_ ment at —50- and +75-degree-centigrade 


ambient temperatures. 

Compensation attainable is better than 
required. It is thus possible to use R; for 
both compensating and scale-length-ad- 
justing purposes with satisfactory results. 


Factor of Merit 


On an equivalent D’Arsonval basis the 
torque-to-weight ratio of the temperature 


' 
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indicator averages unity with variations of 


_pensated. 


RELATIVE TORQUE - POSITIVE DOWNSCALE 


2. A D-C TeLemerer or D-C SELsyn For Arr- 


section, pages 586-8. | 


‘Table I. Observed Ambient-Temper 


+ 20 per cent. 
Conclusions 

The instrument described has the pro i 
erties of ete eee te nipee doe me 


heating errors are negligible aac anions 
temperature errors are © practically com- 


The instrument may be adapted to 4 
many applications where the charact / 
tics of a ratio ries s, are desir 


45 
DEGREES UPSCALE FROM PULL-OFF MAGNET AXIS 


Figure 11 


_A. Torque curves of pull- off magnet 
B. Shield 4 
_C. Resultant : ; at 


te 


Inferred uses adtuae the measurement of 
ohms, current ratios, voltage ratios, tele- 
metering, and voltage-weighted ° current 
indications. 
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‘Protection of Large D-C Machines by 
Means of High-Speed Circuit Breakers 


J. ELMER HOUSLEY 


FELLOW AIEE: 


HE problems of protecting large in- 
stallations of rotating d-c machines 
have been neglected to some extent by the 
lack of suitable high-speed switchgear 
rugged enough to stand the severe duty 
usually encountered. The authors are 
describing their analysis of probable 

_ short-circuit characteristics of such large 
_ systems and a high-speed breaker rated 
at 7,500 amperes which has been de- 
veloped for this particular purpose. The 


authors are also describing a large rotary- 


converter installation built some time ago 
which has recently been modernized by 
meats of modern switchgear in order to 
' overcome the serious damage caused to 
the rotating machines resulting from the 
inadequacy of the ai emd installed 
switchgear. 


Comparison. of Short-Circuit 
Conditions Coat and D- Cc) 


There: has vebn some Sectineiea in re- 
gard to application of ultrahigh-speed 
_ breakers. 
Figure 1 can help to clear up this con- 
fusion. 4 
Curve 1 is a fully offset 60- cycle cur- 
_ rentwave. The current dies down after 
a few cycles and becomes symmetrical, 
and an attempt to interrupt it at the 
first one-quarter-cycle peak would merely 
_ impose a severe duty on the breaker con- 


Perhaps the curves shown in. 


OTTO JENSEN 


_ ASSOCIATE AIEE 


distance apart. The rate of rise is very 


low due to the inductance, and the ulti- 


mate current is low-due to the ohmic 
resistance of the system. Except for pre- 


venting damage caused by commutator | 


flashovers no gain is made by the use of 
high-speed’ breakers and commercial 
breakers with opening speeds of 1%/s to 


three cycles can therefore satisfactorily 


be employed. 

Curve 3 shows the d-c rate of rise of a 
300-volt 3,000-kw generator under short- 
circuit conditions. The initial rate of rise 
is 4,500,000 amperes per second and the 
ultimate current is 450,000 amperes. A 
three-cycle breaker would have to inter- 
rupt 200,000 amperes and a 1%/,-cycle 
breaker would have to interrupt 125,000 
amperes. A */s-cycle breaker (time to 
peak) would have to interrupt only 23,000 
amperes. Here the value of the high- 
speed breaker is clearly indicated. The 
electromechanical stresses in the machine 
and the connecting bus-bar structure or 
conductor is only 0.77 per cent when us- 
ing a high-speed breaker. The various 


manufacturers of d-c machines do not 


seem to agree on the initial rate of rise 
and the ultimate current on a short-circuit 


condition, and a discussion of this problem > 


- would be of interest, but from test data 


tacts as they would operate when the 


maximum current is flowing. The peak 
electromagnetic forces in the installation 
will not be cut down by the one-quarter- 
cycle opening of the breaker. From the 


standpoint of breaker performance it’ 


would be desirable to delay its opening 
as it then will have to interrupt lower 
currents. 
between system stability and breaker 
performance and standard a-c breakers 
usually open in three to five or even 
eight cycles. Unless system. stability is 


of prime importance there is no material 


gain in paying the higher cost of high- 
speed breakers. 

Curve 2 is a d-c curve illustrating the 
- condition existing in a system where the 
d-c generators are located an appreciable 


Paper 44-157, Pacninnitaded by the AIEE com- 


A compromise must be made ~ 


mittee on protective devices for presentation at the | 


AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Mantscript submitted April 20, 
1944: made available for printing May 19, 1944. 
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which we have on a 650-volt 6,000-kw 
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comparing 


Short-circuit curves 
effect of opening speed of circuit breakers 


Figure 1. 


é 


machine we have established beyond a 
doubt that the initial rate of rise is more 
than 6,000,000 amperes per second. 
This curve is shown as curve 4. 

As more machines are added to the sys- 
tem, curves 5, 6, and 7 probably apply. 
If we use a three-cycle breaker in a d-c 
system represented by curve 7 we will 
have to interrupt the fantastic current 
of 700,000 amperes while a 0.38-cycle 
breaker (time to peak current) would have 
to interrupt only 80,000 amperes. In this — 
case the stresses are again only 0.77 per 
cent if a high-speed breaker is used. " 


Assume a bus of 100-foot length used 
in this latter system with the busses placed — 


two feet apart and consisting of two 'six- 


inch-square tubes, the force per running 
foot will be 110,000 pounds, requiring 
insulators spaced 0.064 feet apart if a 
three-cycle breaker is used. This of 
course is impractical. If we use a 0.38- 
cycle breaker (time to peak circuit) the 
force is only 1,450 pounds per running — 
foot and the insulator spacing of 4.8 feet — 


_ can be safely employed. This latter 


scheme would appear to als more reason-— 
able. 


It is appreciated that a . bus-to-bus fault 
in a modern installation is rather uncom-_ 
mon but they do occur with disastrous — 
results and it is emphasized that sound 
engineering practice dictates the installa- 
tion of modern high-speed switchgear 
as the one solution to the problems which 
are encountered by high current and the 
electromagnetic oes they set up in the 
system. 4 

' ra! 
Gécillographic Comparison of 
Current Against Time 


A 
a 
Br 
. 


Figure 2 shows oscillogram of an FB 
breaker interrupting a short circuit on 
two 3,000-kw generators at 550 volts, in 
parallel. The mechanical time of the 
breaker is 0.212 cycle, time to peak is 
0.403 cycle, total time 82 cycles except — 


for the small amount of trailing current — 


_ limits. 
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which is permitted to flow through the 
are interrupter resistors in order to keep 
the breaker voltage within reasonable — 
The maximum current is 26,600 
amperes and the initial rate of rise is 
4,920,000 amperes per second. The 


1c, ‘breaker was tripped by the reverse cur- 


rent feature, which trips the breaker in 
the shortest time possible. 

The oscillogram in Figure 3 shows the 
breaker interrupting the same circuit 
but tripped by the forward-current over- 
load feature. Due to the inherent char- 
acteristics of the overcurrent feature 
which employs an open air gap with a 
moving armature, the breaker now trips — 
somewhat slower. The mechanical time 
of the breaker is 0.5 cycle, time to peak 
current is 0.667 cycle, and the total time 
is 1.17 cycles. The maximum current is. 
36,200 amperes or 9,600 amperes more 
than the current is in Figure 2 because 
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Figure 2. 
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Oscillogram of FB breaker inter- 
supting 550-volt d-c reverse-current trip 


_ the mechanical time of the breaker is 
0.288 cycle slower.. 


Figure 4 shows the same breaker open- 
ing the same circuit but at 650 volts and 
tripped by the forward current trip. The 
mechanical time is again 0.5 cycle, peak 
0.645 cycle, total time 1.16 cycles, and 


maximum current 47,000 amperes, an 


increase of 8,700 amperes by increasing 
the generator voltage by 100 volts over 
Figure 3. . 

Description of Type-FB Breaker 


A schematic cross section of the FB 


breaker is shown in Figure 5. The cur- 


rent path through the breaker is from the 
upper terminal through the magnetic 
blowout coil to the upper contact. From 
here it flows through the bridges to the 


lower contact where the circuit divides | 


into two parallel circuits which then meet 
in the lower terminal. ; 
There are two blowout coils, one lo- 
cated on each side of the arc chute and 
connected in parallel. Each coil consists 
of one turn and the coils are physically 
located so that the core of the coilisin line 
with the region in which the arc is origi- 
nated. The return path for the blow- 
out flux is through a laminated-iron cir- 
cuit. The laminations extend through 


the core of the blowout coil to the outside 


face of the arc chute so there is no time 
delay in building up the blowout flux due 


to eddy current. Two slotted pole faces, | 


extend from the extremity of the lami- 
nated core to distribute the flux for proper 
arc interruption. 

The movable bridge contacts are sup- 
ported in an extremely light carrier made 
of heat-treated aluminum and the mov- 
able arcing contacts are in turn mounted 
on this carrier. The necessary contact 
pressure between the stationary and 
moving contacts is furnished by a com- 
pletely independent separate spring on 
each contact located between the contact 


and the contact carrier. 


The carrier is biased toward the open 
position by means of two opening springs, 
one located inside the other. The 
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_tion-type buffer, preventing rebound of 


\ 


stronger of the two opening springs has a 


limited stroke and acts on the contact 
carrier only during the initial accelera- 


tion period. The weaker of the two 
springs is active during the whole opening 
stroke and definitely holds the contact 
carrier in its open position. The kinetic 


energy stored up in the moving contact 


Figure 3. Oscillogram of FB breaker inter- 
Fapting 550-volt d-c forward-current trip 


during the opening serdice is abscrbed at 
the end of the stroke by means of a fric- 


the contacts. 

The contact carrier is held in the lose: 
position by means of a clutch shown in the 
released position on Figure 6. This 
clutch consists of two hardened steel j jaws. 
The two jaws contact a hardened steel 
roller on opposite sides. The opening 
force of the breaker which is 5,000 pounds 
tends to force the two jaws apart with a 
force of 300 pounds, due to their angle of 
contact with the roller. This 300-pound 
force is counteracted by means of a hold-. 
ing magnet of the bucking-bar type. 
The magnet has been described in detail.1 

If the magnetic pull of the holding 
magnet is temporarily lost for any, 
reason, the two clutch jaws will be forced - 
apart and the breaker contacts moved to . 
the open position by means of the two 
opening springs. 

There are several ways ihe holding 
force may be lost: ‘ 


1. By a bucking bar which will momen- 


tarily demagnetize the armature on reversal 
of current. 


2. By a trip coil acting as a bucking bar 
and connected across the interpole windings 
of the d-c machines.? 


3. By a mechanical prying mechanism 


which exercises a prying force greater than 
that of the magnetic holding force tending 
to keep the breaker closed. This mechani- 
cal mechanism can be operated by (a) a 
hand trip lever, (6) a shunt trip magnet, (c) 
an overload magnet located around the in- 
ductive leg of the trip circuit, or (d) an over- 


load magnet located around the lower ter- 


minal, 
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‘the current flows in a forward or 


current will divide in the two path: ii 


* an'a reverse direction. 


As already ae 


ee fata the ole cee 
the lower path is surrounded by a s 
of iron laminations. With a s a 
current flowing through the breaker the ~ 
current will divide between the two 

paths proportional to the conductan 
of the two paths. This is true whe 


direction. With a rapidly changing 
rent flowing through the breaker, - 
versely proportional to the inductances 


of the two paths. This is also tru 
whether the current is flowing forwar 


Figer art Oscillogram of FB breaker inter- 
rupting Lede dee pi trip — 


it. 
> A 


On a quickly rising reverse ‘current, 
the portion of the current which 
through the holding-magnet circui 
cause the holding flux through the ; 
ture to be diverted to a magneti 
The armature will momentari 
pull and the breaker will trip fc 
reason. On slowly rising reverse 


ARC CHUTE 


= 


Sc =f : 


? 


rent thereby tripping the breaker if its 


the same effect will be obtained but at a 
higher current value. 


If we place an overload magnet on the 
inductive part of the circuit, the overload 
Magnet can be arranged to trip the 


breaker at a maintained current of suffi- 


cient value. A quickly rising current 
will pass harmlessly through the upper 
portion of the circuit due ta the induct- 


high value of current into a fault on the 
system. = | : 

The operating mechanism consists of a 
solenoid which is arranged to close the 
breaker through an overcenter toggle 
mechanism. The opening springs and 
the contact buffer are built as an integral 
part of the closing mechanism. There- 
fore, all mechanical stresses in the breaker 


ance of the lower circuit. This effect 
will afford overload protection of the 
machine and will permit harmless surges 
to pass through the breaker without 
tripping it. In other words, a time-delay 
overcurrent protection is provided with- 
out any mechanical timing means. 

An overcurrent feature placed on the 
lower terminal leads where all the current 
which flows through the breaker will pass 
through this feature can be arranged to 
trip the breaker on excessively high cur- 


(except the contact pressures) are located 
in one common assembly and are not 


associated machine should contribute a 


; Figure 6. FB breaker clutch 


Released position 


BLOWOUT 
COIL 


UPPER TERMINAL 


Pisce 8. Right-side view of FB breaker 


*’ 
OPERATING ARM 


HOLDING MAGNET transmitted through any insulating ma- | 


terial. 

The various operating positions of the 
breaker are shown diagrammatically in 
Figure 7. : . 

- The top illustration shows the breaker 
closed. The opening forces in the breaker 
are here counteracted_by means of the 
‘operating toggle which is locked over 

seenter. 

The center illustration shows the 
breaker in the tripped position. The 

clutch is shown in its released position 
and the contact has been moved to the 
open position by means of the opening 


BUCKING BAR. 


RATE OF RISE 
TIME” DELAY OVERLOAD 


BREAKER CLOSED 


springs. The solenoid mechanism has 
not yet reset. 
The bottom illustration shows the 


mechanism reset, and ready for closing. 
This resetting was accomplished by means 
of the resetting spring causing the toggles 
to fold up thereby resetting the solenoid 
to its open position which in turn has 
permitted the two clutch jaws to engage 
the clutch roller. : 


RESEALED 


BREAKER OPEN-MECHANISM RESET,READY FOR CLOSING. 


Figure 7. Schematic diagram of FB operating 
mechanism 
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Figure 9. Left-side view of FB breaker 


The arrangement provides trip-free 
operation at any part of the closing 
stroke. Hand operation is provided by 
means of a removable handle which can 
be inserted in a socket on one of the toggle 
links, 

Two partial side views of the breaker 
are shown in Figures 8 and 9. 


Description of Rotary-Converter — 
Station 


It will be of interest to describe a 
large d-c installation where the FB 
breakers are being installed to provide 
better protection of the rotating machines 


than was originally furnished for this 


installation. This plant has an installa- 
tion of a large number of 2,500-kw 60- 
cycle rotary converters housed in two 
conversion stations. Only one station is 
being modernized and this station is 
described in detail. 

The rotary stations are fed by a large 


hydroelectric power system with inter- 


connections to other power systems. 
Fault capacities are very high in the a-c 


system, 1,500,000 kva on the 13.2-kv bus. 


The station has double 13.2-kv a-c 
busses. The double-bus arrangement 
permits feeding all of the stations from 
one bus or splitting the load between the 
two busses. A one-line diagram of the 
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busses and station is shown in Figure 10, 
Double disconnecting switches are “pro- 
. -vided for each unit, permitting the units 
Ais. to be connected to either of the busses. 
_ These disconnecting switches will break 
ag _ transformer magnetizing current. The 
transformers were originally connected 
a to the busses through oil circuit breakers. 
These have been removed and replaced 
with low-voltage air circuit breakers of 
150,000 amperes interrupting capacity 
between the transformer secondary and 
_.. the rotary converter. 

Each unit has a positive, negative, and 
a Ga air circuit breaker on the d-c 
: - terminals as shown in Figure 13. These 
_ preakers were originally conventional 
air circuit breakers, opening in approxi- 
mately eight cycles. The rotary conver- 
ters are started from the d-c side by re- 
e duced-voltage starting. One unit is 
_ provided with an a-c motor for starting 
in case of complete station outage and 
there is a similar equipment in the 
a of starting. Several machines, and at 
times all machines, are operated in paral- 
lel on the d-c busses. The physical ar- 
rangement of the station is shown in 
Figure 11. Figure 12 shows the interior 
of the station. 
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Figure 11 (left). 


station cross section. 


Figure 12 (right). 
; converter station 


other station to provide alternate means . 


These units were considered very large 
when installed in 1914 and were quite sen- 
sitive to disturbances, particularly those 


involving rapid changes in frequency. 


During such disturbances the units tend. 


to pull out of step with each other and’ 
Such troubles often result in 
damage to the unit, particularly the main 


flash over. 


and equalizer busses, brush rigging, and 
commutators. There is also occasional 
damage to the armature winding. Flash- 


over may also be started by trouble 


on an individual unit or on the d-c 
busses. 
the d-c side, although there are occa- 
sionally a-c flashovers. Most of the 
damage during flashovers is from energy 
from the d-c bus. : 


1 


Rotary-converter- 


“Interior of rotary- 


Analysis of the troubles indicates that 
the damage to units and the transmission 
of trouble from one unit to others could 
be minimized if units in trouble could be 
disconnected fast enough from the bus. 
It is felt that the speed of the d-c breakers 
must be particularly high to be effective 


in this regard. This high speed will re-. 


duce the time of heavy power inflow to 
the flashover and clear before the inflow 
can reach its peak, thereby limiting dam- 
age and the extension of the disturbance 
to other units. With the widespread use 


of mercury-arc rectifiers in the conversion 


field, new high-speed switchgear of im- 
proved design over that previously avail- 
able was developed. It was decided that 
the d-c breakers would be replaced with 
a modern wien: breaker of the FB 
type. , 

The breakers in this installation em- 
ploy the following tripping schemes: 


1. Reverse-current protection by means of © 


the bucking bar releasing the holding arma- 
ture. 


machines from the d-c bus, a slowly rising 


reverse current of approximately 1,600 


amperes is permitted to pass safely through 
the breaker but a higher reverse current or a 


fast-rising reverse current of a lower value 


will trip the breaker. 
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the breaker. | \ ’ 


5. Hand trip. 
Most of the flashovers are on ~ 


pages 1168-73. 


‘5. FLASHING oF 60-CycLE Seiveemoids! Cunet 


As it is necessary to start the 


2. vetoes mi on the 
affording machine overload protectic 
permitting harmless surges to pars t 


3. Instantaneous high overload prote 
which will operate the breaker should 
rotary converter contribute a larger amo 
of forward current into a commutator flas 
over on any of the machines connected { 
the bus. 


' 


4. Shunt trip. 


It is felt that this advancement in 
state of the art of cireuit-breaker des 


tion during faults and that the time 


outage of load may be materially re- S. 
duced. 
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Transient Performance of Induction 


Motors 


F. J. MAGINNISS . 


ASSOCIATE AIEE 


: I’ has been the usual practice to solve 
induction-motor transient problems 
either on the basis of the familiar steady- 
state equivalent circuit or by calculations 
which require simplifying assumptions. 


These methods neglect important factors 


determining the performance. This paper 
shows the necessity of considering for 
many practical problems the electrical 
and mechanical transient phenomena 
simultaneously. 

For example, during sequential opera- 
tions such as jogging and plugging, 
conditions inside the rotor, phase rela- 
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Effect of rotor deceleration. 

torque curves with constant rotor deceleration 

from steady-state conditions at 0.99 per unit 
speed 

Run 71— 6 cycles for unit speed Ehatae 

Run 81—12 cycles for unit speed change 

Run 73—24 cycles for unit speed change 
tions, and magnitudes of fluxes and 
current are influenced both by the 
electrical transients and by the me- 
chanical slip and oscillation. Also, the 

_ residual stator and rotor currents and the 
angular displacement of the rotor affect 
performance during plugging; these have 
been neglected previously. 

In order to evaluate some of these 
‘mutually interrelated phenomena which 
Paper 44-175, recommended by the AIEE com- 
‘mittee on electrical machinery for presentation at 
‘the AIEE summer technical meeting, St. Louis, 
‘Mo., June 26-30, 1944. Manuscript submitted 


April 18, 1944; made available for printing May 
17, 1944, 


F. J. Macrnniss and N. R. Scuurrz are both in 
the analytical division, central-station engineering 
division of General Electric Company, Schenec- 
tady, N. Y. 
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-staff of the differential analyzer. 
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Per unit electric torque versus per 


Transient speed— , 


N. R. SCHULTZ 


ASSOCIATE AIEE 


had’ not been analyzed previously, the 
induction-motér equations including the 
rotor mechanical load and inertia were 
set up on the General Electric Company 
differential analyzer.! Since it was de- 
sired to investigate a number of different 
operating conditions, the machine charac- 
teristics were held constant in all but a 
few cases. These characteristics given 
in Appendix B are those of a low-re- 
sistance motor which tend to accentuate 
the motor transients. The effect of 
increased rotor resistance may be seen 
in Figure 15, The results and conclusions 
presented in this paper indicate the im- 
portance of considering the transient 
electrical and mechanical phenomena 


simultaneously. ve 


Assumptions 


The analysis and results are based on 
the following assumptions (which are 
similar to those of reference 2). 


1. Balanced windings are assumed on both — 


rotor and stator. 


2. The mutual inductance between any 
stator and rotor winding is considered to 
be a cosinusoidal function of the electrical 


angle between the axes of the two windings. 


3. It is assumed that the rotor is smooth 


and that the self-inductance of any winding 


is independent of rotor position. 


4. The effects of saturation, hysteresis, 
and eddy currents are neglected. 


5. The machine impedances are assumed to 
be independent of rotor speed. 


6. The machine electrical neutral is as- 


* sumed ungrounded. 


7. Inallcases studied, the motor is consid- 
ered connected to an infinite bus through 
negligible impedance. ‘The effect of system 
impedance can be taken into account by 
increasing the stator impedance, that is, by 
moving the infinite bus from the terminals of 


_ the machine and placing it further back in 


the system. 


Conclusions 

1. Large errors may be introduced by 
using the steady-state speed-torque curve 
for the calculation of transients. 


DF Under transient conditions, motor 


torque can be developed at speeds above — 


synchronous, and generator torque can be 
developed at speeds below synchronous. 


83. Transient electric torques under shock 
mechanical loads or sudden electrical dis- 
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turbances can be several times the steady- 
state pullout torque. ; 


4, Transient electric-torque oscillations 
incident to a sudden change in applied 
voltage are, in general, more severe than 
those due to a sudden change in mechanical 
load. 


5. The initial rate of change of electric 
torque with respect to speed following a 
sudden change in mechanical load is less 
than the steady-state speed-torque curve 
would indicate. 


6. For a sudden change in applied voltage 
the transient electric torque is unaffected 
by the electrical angle at which the voltage 


' is changed, provided that the machine was 


not initially running open-circuited with 


' trapped flux. 


7. Transient-torque oscillations following 
the sudden application of voltage to a 
machine containing trapped flux (as in 
jogging) can be much more severe than the 
transient torques incident to a short circuit 
at the motor terminals. 


8. With a machine temporarily discon- 
nected from the system and running with 
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Figure 2. Per unit electric torque versus per 
unit speed ~ 


Effect of rotor deceleration. Transient speed— 
torque curves with constant rotor deceleration 
from steady-state conditions at 1.5 per unit 
“speed 
Run 82—12 cycles for unit speed charge 
Run 74—24 cycles for unit speed change 


trapped rotor flux, there are definite opti- 
mum times for reapplication of voltage in 
order to reduce the torque oscillations. 


9. The magnitude of transient plugging 
torque is greatly affected by the magnitude 
of the trapped rotor flux and its position 
relative to the stator. It is also affected 
by moton speed. : 
10. Transient currents caused by jogging 
or plugging (with trapped rotor flux) may 
be larger than the steady-state full-voltage 
starting current. 


Method of Solution - 


The equations of induction-motor per- 
formance (see equations 10 through 20, 
Appendix A) were set up on the General 
Electric Company differential analyzer.t 
An inspection of these equations will 
show that 14 separate integrations were 
required in the solution. In this respect 
the problem provided an excellent oppor- 
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~ soluble 


Mb eo he: 


PER UNIT ELECTRICAL TORQUE 
t 


. bee thes sneer 
Effect of rotor acceleration 
Transient speed—torque curves with constant 
rotor acceleration from steady-state conditions 
at zero speed 
Run 70— 6 cycles for unit speed change 
Run 62—94 cycles for unit speed change 


tunity to observe and judge the operation 


_ of the analyzer, when using the entire 
_ integrator capacity. 


Five ‘quantities, 
obtained as outputs from the analyzer, 
were plotted as functions of time. These 
were: ae s 


_ (@). One of the applied voltages, Zu.* 
_ (6). Phase @ stator current, Ia. 
_ (c). Phase 8 stator current, Jg. 


(d). Rotor speed, 99. 
(e). Electric torque, T>. 


As shown in Appendix C, the analyzer 
results were checked against calculated 
results in two cases which were readily 
‘analytically. Differences be- 
tween analyzer and calculated results 


_ were in both cases negligible. 


Discussion of Results 


A. Exvecrric TorRQUES CAUSED BY 


Rotor ACCELERATION — TRANSIENT 
TORQUE-SPEED CURVES 


In order to study the transients due 
to changing rotor speed as differentiated 
from those due to electrical disturbances, 
the machine was subjected to various 
constant rotor accelerations and de- 
celerations. The electric torques de- 


veloped i in some of these cases are shown 


in Figures 1, 2, and 3. 

In Figure 1, the motor was assumed 
in all three cases to be operating initially 
under steady-state conditions with a slip 
of one per cent. The rotor was then 
decelerated in runs 71, 81, and 73 at 


* See Appendix B for list of nomenclature, 


Shows one cycle of steady-state current = 6 
before zero time for cases shown in Figure 4 G ~ 
% a 
6 Pal a 5 ' . Fe 
[peer] OL bq 24 
ey Tt CREE Figure T(right). Per £2. 
oe TETRA] unit stator curent 22 = 
Bs Uy ITE W| in phase p versus 2° 
ge 4 ee bet i Ma nr Fos 
#2 OC CAE TT. se edie tor By 
20 40 60 80 100 120 “7 eeh ey SONNe ea 
PER UNIT TIME Figure 4 
642 TRANSACTIONS 
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versus per unit speed 


H Figure 4 (tight). Pei 
unit electric torque 
versus per unit time 
(electrical radians) 


PER a i ses TORQUE. 
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- rates corresponding to unit change of 
speed in 6, 12, and 24 cycles, respectively, 
of fundamental frequency. It is of interest 


to note that the initial rate of change of 
torque with speed is zero and that the 
electric torque oscillates about the 
steady-state speed-torque curve. That 
the initial rate of change of torque with 
speed i is Zero, of course, is due to inductive 
lags in the motor. The relation of the 
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Figure 5. Per unit rotor speed versus per unit 
time (electrical radians) for cases shown in 
_ Figure 4 


first swings a these curves may be, ex- 
plained as follows: 


1. If the rotor were decelerated at an in- 
finitely slow rate, the torque would follow 
its steady-state speed-torque curve. _ 

2. If the rotor were decelerated at an 
infinitely fast rate, the torque would remain 
constant at its initial value because of 


inability of the motor to respond elec-' 


trically to the infinite deceleration. 


It is seen, then, that the speed-torque 
curves of runs 71, 81, and 73 appear in 
a logical sequence between the limiting 
curves resulting from zero and pate 
deceleration. 

Figure 1 also shows that appreciably 
higher-peak electric torque may be 
developed upon the sudden application 
of mechanical load than the steady-state 
theory would indicate, and at a different 
speed. 


Figure 6 (left). Per unit stator Wes 
current in phase © versus per 8 
unit time (electrical radians) 
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~ Run 32—Voltage reduced to 0.5 per un 


speed of 1.5 (per unit). 


state standstill conditions. 


_ steady-state characteristics? T 


' can be used in such tests if the 
steady-state behavior is to be obtaine 
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Effect of voltage disturbance,- ae te 
full- voltage conditions for 0.99 per unit speed 
before zero time © ; 


t=O. Voltage restored to 1.0 per 
-t=189 (9 cycles) 

Run 26—Terminals short circuited at ) 

Voltage restored to 1.0 per unit at t=182 

© cycles) f 


Figure 2 illustrates results obtai ed 
when the motor was decelerated fi m2 
initial steady-state conditions for a-rotor | 


The curves shown in Figure 3 resulted 
from acceleration of the rotor from steady- 1 


This group of curves illustrates the q 
fact that Tmotor i ee ee be develo 


eee errors may ae eee phe 
the steady-state speed-torque c 
the calculation of severe trans 
Acceleration and deceleration tests h 
been proposed as a method of obtair 


ent results show that there is a 
on the magnitude ¢ of acceleration 


B. Execrric Torgues Due To SUDDEN 
CHANGE IN APPLIED VOLTAGE» Se NL? 

Figure 4 shows the effect upon el 
torque of sudden changes in 
For both runs 32 and 
Figure 4, the motor was initially ope 
at steady-state conditions with 
one per cent. A constant m i 
load torque was assumed in bot! es, 
although arbitrary load-torque curves as 
a function of speed easily coy have 
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Been used if decree An inertia constant 
({H) of approximately 0.45 was assumed 
for motor and load combined. 

In run 26, 
_ the applied voltage suddenly was reduced 
to zero, corresponding to a zero-imped- 
ance short circuit at the motor terminals. 
As is seen from an inspection of Figure 4, 
the maximum electric torque following 
the application of a short circuit is of the 
order of five per unit. It is also seen, 
as would be expected, that the electric 
torque became zero after the transients 
had died out and remained zero until the 
short circuit was removed. The fault 
was removed nine cycles after its appli- 
cation. The torque recovery Mowing 
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Figure 8. Per unit electric torque versus per unit time (electrical radians) 


the removal of short circuit also is pic- 
tured in Figure 4. 

Run. 32, which also has ieee plotted 
in Figure 4 for purposes of comparison, 
is similar to run 26, except that the 
applied voltage was reduced suddenly to 
half value rather than to zero. 

Several runs also were made in which 
the electrical angle at which the voltage 
was reduced or restored was varied. 

As stated in the conclusions, the electrical 

angle of switching under these conditions 

hhad no effect on the ensuing electric 
torque for a given switching time. 
Figure 5 shows the per unit speed as a 
function of time for runs 26 and 32. The 
two-phase stator currents J, and Jg for 
these two runs are plotted in Figures 


6 and 7, respectively. As shown in — 


Appendix A, corresponding three-phase 


currents may be obtained from Ja and 


Ip by means of a relatively simple manipu- 
ation; in fact, in the present treatment 
Ip itself is one of the three-phase currents. 


C. PLucGGING TORQUES 


Two extreme plugging conditions are 


-those in which the machine is plugged 
-jnstantaneously while running at rated 
‘speed and load, and while it is running 
at rated speed but after the rotor flux 
‘has died out completely. Plugging 
torques from runs which are nearly these 
.extremes are shown in tee 10. 
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Run 85 was obtained as follows: 


1. With the motor running at steady-state 
conditions with a slip of one per cent, the 
stator phase 6 was opened at a zero of Ig. 

2. Phase a of the stator was opened ap- 


proximately one-fourth cycle ‘later at a 
zero of I ae 


3. At the same instant that phase a 
was opened, voltage of opposite (negative) 


phase rotation was applied simultaneously 


to both stator phases. (In this case, the 
mechanical load torque was assumed to be 
constant at its initial value, and the inertia 
constant (H) was assumed to have a value 
of approximately 1.43.) This is obviously 
almost one of the extreme cases mentioned 
before. 


Effect of rotor speed on 
plugging torque. _Infinite- 
inertia machine running at 
various positive speeds with 
zero rotor flux. Unit voltage 
of negative phase rotation 
applied at zero time 
Run 86—Rotor speed = 1.00 
per unit 
Run 89—Rotor speed 
per unit 
Run 92—Rotor speed 
per unit 
Run 90—Rotor speed = 
per unit 
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Figure 9. Per unit 

electric torque versus 

per unit time (elec- 
trical radians) 
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Effect of rotor speed on plugging torque. 
speeds with zero rotor flux. 
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plugging torque. All curves shown in 
these two figures are based on the as- 
sumptions that the motor was initially 
unexcited, contained no trapped flux, 
and had infinite rotor inertia, negative 
phase rotation of voltage being applied 
in all cases. 

Figure 9 shows torques which are not, 
strictly speaking, ‘‘plugging’’ torques 
since thé phase rotation of the applied 
voltage is in the same direction as the 
motor rotation. However, they are of 
interest in that they extend the range of 
rotor speed. Such conditions may be 
encountered in some pump and propeller 
drives having more than one motor on the 
same shaft. 


D. RECLOSING oF STATOR CircurIr WITH 
TRAPPED FLUX IN THE ROTOR 


Several cases were studied in which 
the stator was open-circuited from a 
steady-state full-load running condition. 
After several cycles, full voltage was 
reapplied. Figures 13 and 14 show the 
electric torque and speed respectively for 
a few of these cases. It will be seen from 
these curves that-there is at least one 
definite optimum reclosing time both 
from the standpoint of torque oscillations 
and from that of speed-recovery time. 
That there are several of these optima, 
and that they depend on machine inertia 
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Infinite-inertia machine running at various negative 
Unit voltage of negative phase rotation applied at zero time 


Run 95—Rotor speed = —0.25 per unit 
Run 93—Rotor speed = —0.50 per unit 
Run 99—Rotor speed = —0.75 per unit 
Run 98—Rotor speed = —1.00 per unit 


The two phase currents for this run are 
on Figures 11 and 12. 

Run 86 was obtained by applying 

negative-phase-rotation voltage to an 
infinite-inertia machine running at syn- 
chronous speed with zero rotor flux. It 
is the other extreme case and is com- 
pared with run 85. The effect of trapped 
rotor flux is seen to be very important. 
_ It is interesting to note the similarity 
between run 86 of this paper and run 36 
of reference 4, in which the machine 
constants are similar to those used in 
this study. 

Figures 8 and 9 have been included 
to show the effect of rotor speed upon 
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and rotor resistance may be seen from 
the following analysis. 

In the steady state with the motor 
running at approximately one per cent 
slip, the rotor flux rotates at synchronous 
speed and lags the stator flux by a defi- 
nite angle. It is continually slipping 
forward with respect to the rotor. When 
the stator is open-circuited, the rotor 
flux becomes fixed in the rotor and decays 
relatively slowly (with the rotor open- 
circuit time constant L/r,) from its 
initial value. Since the electric torque 
is zero, the rotor slows down so that the 
trapped and slowly decaying rotor flux 
lags at an increasing rate behind the 
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steady-state position of the stator flux. 

An understanding of the phenomena 
occurring when the stator circuit is again 
closed on the supply voltage may be 
obtained by regarding the induction 
motor as a synchronous machine running 
below synchronism, the trapped rotor 
flux taking the place of the synchronous- 
machine excitation. The stidden re- 
application of stator voltage produces two 


fluxes, one very nearly the steady-state | 


rotating field, the other a stationary (and 
decaying) field. Now the machine time 
constants are much shorter than with the 
stator open-circuited, so that the sta- 
tionary field components decay more 
rapidly, but for the purposes of the argu- 
ment one may neglect this decay. Both 


stator fields react on the rotor flux, the 
' steady-state rotating component pro- 
ducing a slip-frequency torque, 


the 
stationary component producing a speed- 
frequency component. If the slip is 
small, the slip-frequency component acts 


' roughly as a ‘‘synchronizing”’ torque, so 
_ that it is evident that there is a preferred 
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Figure 10. Per unit electric torque versus 
per unit time (electrical radians) 


Effect of trapped rotor flux on plugging torque 
Run 85—Plugging from steady-state conditions 
for 0.99 per unit speed (see section C) 
Run 86—Plugging an infinite-inertia machine 
running at synchronous speed with zero 
rotor flux 
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_ See Figures 10 and 8, 


initial position of the tte for minimum 
time to recover speed, while the speed- 
frequency component produces only a 
superposed vibration of the rotor speed. 
One may calculate from the initial slip 
and rate of increase of slip the relative 
angle through which the rotor has 
passed, and it then will be found that 
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PER UNIT STATOR CURRENT IN PHASE 


-6 
z PER UNIT TIME 


Figure 11. Per unit stator current in phase a 


versus per unit time (electrical radians) for 
runs 85 and 90 


respectively, for 
corresponding electric torque 
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at first for very. small angles 0: 0: 

tion the speed will recover quic 
with a minimum of disturbance. 
as the angle exceeds 90 degrees, the 
accelerating torque becomes smalle 
finally is not sufficient, so that th 
chine speed at first may decrease fi 
RY. an appreciable amount. As in 
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PER UNST STATOR CURRENT IN PHASE B 


" 


PER UNIT TIME 
Brees 12. Per unit stator current in phase B 


versus per unit time (electrical radians) for 
runs 85 and 90 al 


‘See Figures 10 and 8, respectively, for 
corresponding electric torque — 


equivalent synchronous-machitie case, 
the “‘worst’ angle lies only a relativ 
short distance behind the “best” angle 
The situation is made more complex by 
the fact that in every slip cycle the slip 
becomes greater and the trapped flux 
becomes smaller, so that the variati 
with angle becomes much less pronounce 
The present case has a rather low rotor 
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UNIT|TIME 


’ Figure 13. Per unit 
electric torque ver- 
sus per unit time 
(electrical radians) 


or 
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Effect of switching angle. Beatie full-voltage scale for O. 99 per unit speed before 


zero time. Stator o 


pen-circuited at t=O 


Run 52—Voltage restored to 1.0 per unit at t=18a (9 cycles) © 
Run 53—Voltage restored to 1.0 per unit at t=18.5a (91/, cycles) 


Run 54—Voltage restored to 1.0 per unit at t=19x (91/, cycles) 


Run 55—Voltage restored to 1.0 per unit at t=19.5m (93/, cycles) : 
Run 56—Voltage restored to 1.0 per unit at t=20z (10 cycles) ae hM 
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Figure 14. Per unit speed versus per unit 
time (electrical radians) for runs 52-56 


See Figure 13 for. corresponding electric 
torque 


epee] || 
NAY 
Hun, 
LOT : 
PW WWAL 


Figure 15. Per unit electric torque versus 
per unit time (electrical radians) 


.PER UNIT TIME 


PER UNIT ELEGTRIGAL TORQUE 


Effect of rotor resistance. Full voltage applied 
to locked rotor machine 
Run 79—Rotor resistance = 
_ Positive-phase-rotation voltage 
Run 90—Rotor resistance = 0.01 per unit. 
_ Negative-phase-rotation voltage 


resistance, so that the effect is still large 
in the second slip cycle which has been 
studied. The inertia of the machine 
evidently enters here also, as it deter- 
mines the rate of increase of slip. A 
motor with a small inertia and a high 
rotor resistance would show little varia- 


tion with angle, and the ratio of inertia . 


to rotor resistance may form a rough 
criterion of the importance of the effect 
of angle. Also if the slip becomes very 
large, the effect of the stationary stator 
flux may be emphasized and a pro- 


nounced speed decrease consequently — 


may be observed. In all cases, the se- 
verity of the rotor swings should tend to 
be less than in the synchronous-machine 
ease because of the generally higher re- 


sistances and the fact that the rotor has _ 


no sustained rotor excitation and thus no 
preferred position in which it must come 
to equilibrium. 


E. TRANSIENT CURRENTS 


If we consider only the a-c component 
of current, it is seen from Figures 6 and 
' 7 that the current caused by a terminal 


short circuit is somewhat less than full- _ 


‘voltage starting current; however, that 
resulting when the fault is removed is 


SEPTEMBER 1944, VoLuME 63 


0,04 per unit. 


approximately equal t to full- -voltage start- 
ing current. f 

It is interesting to note that the current 
caused by plugging (when the rotor 
contains trapped flux) may be much larger 
than full-voltage starting cutrent. For 


- the case illustrated in Figures 11 and 12, 


the maximum current is nearly twice the 
normal starting value. 


Appendix A. System Equations 


The equations whose solution forms the 
basis for the results of this study have been 
derived by Stanley.2 These equations in 
which all quantities have been referred to 
the stator may be written 


Ca = bbattriat+¥p(pe) =0 F (1) 
ep=p'etrrig—bal(p))=0  - (2) 
= G(p) Ee +4(p)te : (3), 
=G(p)Egtx(p)ig (4) 
T.=Veia—Vaig , a) 
1 
. PF I (ToT) (6) 
= S pdt (7) 
Eg=Bcost | . (8) 
Eg=E sin t (9) 
where : 
ae Lp +1; | ‘ 
_L'p+n) 
x(p) rte 
‘i =L-T 


All quantities are defined in Appendix B. 

For solution on the differential analyzer, 
these equations are written in the following 
form: 


va=—1,S ialt— JS ypdo (0) 
ve=—trS igdt+ S Pad0 (11) 


Ve 
wena f (fte-Z Bare) (12) 


| 
i 


E.=— JS Egat (14) 

Eg= JS Eqdt \ (15) 
T.=S bediat S iaya— 

Svatis~Siphva (16) 

pb= =a S (Te—Tm)dt (17) 

0= f podt (18) 


_ Equations 10 through 18 which require 
14 integrators were set up on the differential 
analyzer, and a number of solutions was 
obtained. The quantities plotted were 
electric torque, rotor speed, applied voltage, 
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| 
and the two components of stator current. 
The latter do not appear explicitly in 
equations 10 through 18 but come directly 
from the definition of flux; namely: 


I= — = a Liq) (19) 


1 
Ip= qr Ve L%) _ (20) 


¢ 


From the definitions of the a and 6 
quantities,? the stator-phase currents for a 


- three-phase machine in terms of Ja and Ig 


are (with no zero-sequence currents): 


tg =Le (21) 
t 1 /3 
Sine ft Ve 
U 3 ar 2 Ig (22) 
vy: 1 3 ; 
i¢= ieee Ip | = (23) 


Appendix B. Nomenclature and 
Values of Parameters for Machine 


Studied aur 


All quantities are in per unit on kilovolt- 
ampere base. 


Z=apparent three-phase stator and 
rotor self-inductance =3.07 ‘ 
_M=apparent three-phase mutual in- 
- ductance=2.99 ve 
r,=resistance of one stator phase =0.01 
r, =resistance of one rotor hee 5 =0.01 
p@ =rotor speed 
#=time in electrical radians at unit 
speed 
6=electrical angle between rotor phase 
a and stator phase a at any time? . 
pb=d/dt 
I.=stator current in positive a axis 
ZIg=stator current in positive 6 axis 
E,=stator terminal voltage in positive 
a axis 
Eg =stator terminal aie er in poate 
B axis 
E=maximum value of teeraitiah voltage — 
Wo =rotor-flux linkages in positive a axis 
referred to stator % 
¥g =rotor-flux linkages i in positive 6 axis _ 
referred to stator ; 
ig =rotor current in 
referred to stator F 
ig=rotor current in positive 8 axis 
referred to stator 
€.=rotor terminal voltage in positive a 
axis referred to stator =0 ; 
es =rotor terminal voltage in positive Bi 
axis referred to stator =0 
H’ =rotor moment of inertia =338.0 
H=conventional inertia constant 
=H'/4x (frequency) =0.448 
T,=induction-motor torque 
Tm =mechanical load torque =0.91 
ig=stator current in phase a 
_iy=stator current in phase } 
ig=stator current in phase ¢ 
1, *w=roots of characteristic 
(locked rotor) 


positive a@ axis 


equation 
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« =27 X fundamental applied’ frequency 
=1.0 
#=power-factor angle floeied rotor) 


, Ate @ —w?* 
w co(No-+ 1) +i) 
w?--iAg 
w(Ae— Oi) 


6,=tan71 


Appendix C 


As a check on the differential-analyzer } 


accuracy, the torque-time curves of two 
of the simple cases were checked by calcu- 
lation. An exact expression for the electric 
‘torque with blocked rotor and simultaneous 
‘application of voltage in both axes (on the 


basis of the given assumptions) is found in © 


equation 5 of reference 5. its equation 
_ may be reduced to 


T.= a oe a (AzA2)¢ _ 


— st cos (wt +61) eae cos (wt—4) 
i cos A, 
where © 


MA 2 
6,=tan! SUSE 
ia ~ @(Ag—A1) 


This is identical in form with the ap- 
‘proximate equation 11 of reference 6, the 
difference being found in the phase angle 


6, which replaces ¢ of Kilgore and Wahlé 


where ¢ is 

$ t oy nie 
SSN ee ae 

at w(A2-+A1) 


This difference amounts to three per cent 
in the maximum torque for the machine 
constants used in the greater part of the 
study. The calculation of torque was 
catried out for four or five cycles of each 
of two cases (runs 90 and 79) Figure 15, 
and the discrepancy between calculated 
and analyzer solutions was found to be 
negligible. The two-phase currents corre- 
sponding to run 90 are given in Eisures iii 
and 12. 
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Recent Advances in Aircraft Tacho n e' 
Design 


R. G. BALLARD 


ASSOCIATE AIEE 


Synopsis: A discussion of recent develop- 
ments in magnetic-drag-type aircraft ta- 
chometer equipment. Wartime demands 
for increased temperature range, instrument 
durability, and compactness have led to 
certain revisions and new design features, 
The results of these recent developments 
are outlined in this paper. 


HE magnetic-drag tachometer system 

consists of a three-phase generator 
sttpplying power to a synchronous motor 
in an indicator (Figures 1 and 2). The 
generator is mounted directly on the air- 
plane engine and the indicator is mounted 
on the instrument panel. The motor 
in the latter revolves an assembly of per- 
manent magnets which imparts torque 


to an aluminum-alloy drag disk, thereby 


moving the indicator pointer over the 
scale until an equal and opposite restrain- 


‘ing torque is developed in the control 


spring. The generators and indicators 
are interchangeable with other instru- 


“ments of the same manufacture and simi- 


lar nits made by other concerns. 
During the past three years several 
new requirements have influenced the 


design and manufacture of this aircraft 


tachometer equipment: the operating 
temperature range has increased by 
nearly 50 per cent; the vibration condi- 
tions which these devices must withstand 


have become more severe with the pro- 


duction of faster and more powerful en- 
gines; and increased instrumentation 
has made better utilization of panel space 
essential. Revisions in generator and 
indicator design have resulted from the 
new temperature and vibration require- 
ments. A new dual-element tachometer, 
occupying the space as one single indi- 
cator, has been developed to save panel 
area. 


Generators - 


A cut-away view of a tachometer gen- 
erator is illustrated in Figure 3; 
readily illustrates the simple, sturdy con- 
struction of the generator. To obtain 
satisfactory operation at temperatures 
down to —65 degrees centigrade, a special 
low-temperature lubricant is now used in 


Paper 44-153, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 28, 
1944; made available for printing May 22, 1944. 


R. G. Baviarp and C, P. Harr are with the General 
Electric Company, West Lean Mass, 


Ballard, Hall—Aircraft Tachometers 


Generators of the present construction 


this ~ 
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quired to drive the generator at — 
grees centigrade is shown in Figure 
single- and double-element ind 
loads. . 
With increased speed and power on 
put of aircraft engines, the genera 
must withstand more severe vibra’ 
than ever previously encountered; 
modifications in design now el 
consequent hazards. The possibilities 
lead breakage are eliminated by mo 
secure clamping of leads; oil leak: 
from the engine into the generator w: 
ing is avoided by better oil seals an 
additional vent-holes in the end-shie 
preventing the build-up of oil pressur 
front of the ball bearing at the fla 
mounted end of the generator. Increased 
strength of the front end shield is assured 
by additional ribs, and the former t 
piece receptacle end-shield is now 
stronger and simpler one-piece casting. 

The tachometer generator drive key 
is required to withstand accelerations of 
400 revolutions per second per second. 


have withstood repeated acceleratio s 
as great as 800 revolutions per second per 
second without damage. In certain 
stallations where unusually severe pul- 
sations of the driving system are present, 
the drive-key design is further modifi d 
to prevent excessive generator wear and 
resulting pointer fluctuations in the in- i 
dicator. This drive key includes a short 
section of flexible tachometer cable. . 
The square driving tang is split diago- 
nally through the center line and the t o 
sections are spread so that no play is 
present between the drive key and the 
mating part on the engine. By this 
change in construction no indicator 
pointer fluctuation occurs after many 
hours’ operation where previously the 
indication became unsatisfactory during 
the first 10 to 20 minutes of use. = 

Representative generator-voltage-out- 
poe curves are ore awd ae 


dice Recene ads. 


Indicators 


The range of operating temperature for 
tachometer indicators has increased, up- 
ward from +45 degrees centigrade to 
+70 degrees centigrade, and downward 
from —35 degrees centigrade to —55 de- 
grees centigrade: This increase in onl 
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Figure 1. Tachometer equipment 


Tachometer generator; single- 

element indicator, 31/, revolutions; dual- 

element indicator; single-element indicator 
_ (330 degrees); synchroscope 


| from a total of 80 to a total of 120 centi- 
_ grade degrees requires improved tempera- 


ture compensation material so that the 
error in indication is not excessive. || 
Improvements in commercially avail- 
‘able temperature-sensitive nickel-steel 
compensator material provide the typical 


, temperature compensation curve shown 


in Figure 6; the uncompensated curve 
shows the change in indication (at the 
-3,000-rpm point) before the addition of 
compensator material, and the compen- 
sated curve shows that this error is re- 


_ duced to less than one per cent by proper 


compensation. 
Due to the high-ambient-temperature 
operation, it is essential that the lubricant 
for the indicator motor bearings have a 
low evaporation rate. To meet this re- 
quirement the indicator ball bearings are 
lubricated with inhibited blackfish jaw 
oil applied in controlled quantities. With 
this lubrication individual indicators 
have operated continuously for as oe 
as 20,000 hours. 

Room - temperature torque — speed 
curves for representative tachometer in- 


dicator motors are shown in Figure 7. 


The starting or pull-in torque is developed 
jointly by a permanent-magnet rotor and 
eddy-current hysteresis disk. 

The vibration test for tachometer indi- 
cators consists of movement of the indi- 


-eator on a 0.018-0.020-inch- diameter 


circle in a plane inclined 45 degrees to the 


‘horizontal. The top frequency vibration © 
has been increased from 2,500 to 3,000 . 


cycles per minute. All indicators are 
‘subjected to this vibration test after 
assembly to assure freedom from ex- 
cessive pointer oscillations or changes in 


| Beesicn. 


Dual-Element Indicator 


As airplanes increased i in size and com- 


plexity, the available panel space has 


been needed for more and more indica- 
tions; thus, where previously a single- 
element’ indicator was installed it has 
pbecome essential to build two or more 
4ndicators in one case wherever possible. 
This need leads to the development of the 
dual-element tachometer indicator, shown 


in Figure 1, to show the speed of two en- 
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Figure 2. Schematic 
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t 
. - — INDICATOR ELEMENT 
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Figure 3.- Cut-away view of generator 


gines in the same panel space as was pre- 
viously required for one engine. A cut- 
away view of this dual indicator, with 
one element removed, is shown in Figure 
8. 
The dual indicator presented problems 
of much smaller-size motors, smaller 
rotating-magnet assemblies, and a means 
of coupling the two elements to a concen- 
tric pointer assembly. Previous experi- 
ence with the single-element indicator 
showed the following adjustments to be 
desirable: 


(a). Zero adjustment. 

(6). Full-scale adjustment. 

(c). Balancing means. j 

(d). Adjustable temperature compensation. 


In addition cam adjustment of gear mesh 


has been built into each element of 


the dual indicator to. facilitate adjustment 
and maintenance. 

A special feature of the design is the 
possibility of disassembly into inter- 
changeable subassemblies. These sub- 
assemblies may be adjusted, tested, and 
inspected as units and subsequently as- 
sembled into completed tachometers. 
The motor and magnetic-drag assembly 
are completely assembled and tested in 


the normal manufacturing procedure, 


thereby preventing expensive tear-downs 
at later positions. Field maintenance 
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(FOR PARALLEL OPERATION), 


and handling is greatly facilitated by 
these types of construction. 


Smaller Motor 


For the synchronous motor of the dual 
indicator, a recently developed magnetic 
material, copper-nickel-cobalt, is used for 
the permanent-magnet rotor instead of 
the sintered-oxide material utilized in the 
single-element indicator. The new ma- 
terial offers the advantages of improved 
mechanical strength, greater ease of 
fabrication, and simpler assembly. — 

The stator of the indicator motor is of 
the conventional three-phase type. To 
decrease the temperature rise of the wind- 
ings through greater thermal conduc- 
tivity, glass-cloth slot insulation replaces 
the fiber type common to the single- 
element indicator. This change reduces 
the temperature rise by approximately 


tem per cent. 


Drag Magnet Assembly 


The necessity of providing two indi- — 
cator elements in the space previously 


Ee a 
| /_ SINGLE ELEMENT|LOAD- 
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Figure 4. Generator driving corauete at —65 


degrees centigrade ¥ faa Nae 


GENERATOR VOLTS 


INDICATOR FREQUENGY- rpm 
Figure 5. Generator voltage output 


occupied by one necessitates smaller ro- 


tating magnets. In order to obtain suffi- 
cient torque for the moving element 
assembly, a second new magnet material 
is utilized. This material, Alnico V, 
produces approximately twice the ex- 
ternal energy per unit volume of Alnico II 
used in the single-element indicator. 
Major differences in handling the two 
types of Alnico in manufacturing are the 
necessity for initial magnetization of the 
Alnico V during cooling from a semi- 
molten state, and the requirement that 
Alnico V be carried through a much 
greater temperature stabilization cycle 
than for Alnico Il in order to prevent sub- 
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Figure’6. Typical temperature compensation 


MOTOR TORQUE-g-cm 


_ INDICATOR FREQUENGY- rpm 
Figure 7. Indicator-motor torque 
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Figure 8. Cut-away view of dual indicator 


sequent changes in magnetic strength 


throughout the instrument operating 
temperature range of —55 to rae de- 
grees centigrade.”. 

Calibration adjustment of the indi- 


cator may be accomplished either by 
magnetic knockdown with an a-c coil or, 


by varying the gap between the two sets 
of magnets. The latter adjustment is 
normally used for only small changes in 
calibration and is readily made with the 
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POINTER TIP DEFLEGTION— THQUSANDTHS INGHES 
ay s 


105 =40 -20.0 +20 +40 +60 +60 


i 


TEMPERATURE-DEGREES CENTIGRADE 


_ Figure 9. Temperature—deflection characteris- 


tics of single-coated pointers 


- instrument cover removed. Calibration 


adjustment with a demagnetizing coil 
may be made to either element of the 
assembled indicator without affecting the 
calibration of the other element, al- 
though the magnets in the two assemblies 
are separated by less than three quarters 
of an inch. This method is ideal since 


the element being adjusted may be in — 


operation while the demagnetizing is 
being done. “Temperature compensation 
adjustment is provided by movement of 
the compensator plate (Figure 8) along 
the length of the magnets in order to 
shunt more or less flux. 


7 Moving Elements ; 
eter equipment, certain unique’ app 


The zero-adjusting ‘arm and balance 
arms are readily discernible in Figure 8. 


The mechanical assembly of gear hubs to - 


shafts as small as 0.031 inch in diameter is 
accomplished by means of a knurl on the 
shaft; thus assuring a tight, permanent 
fit... 

The concentric pointer hate assembly 
(Figure 8) is supported at the ends by 


are provided by two additional ring-stone 
jewels mounted in the outer bearing sleeve 


with the first one supporting the front 


end of the inner shaft and the second the 
back end of the outer sleeve. The ad- 
vantages of this assembly are its inherent 
line-up and a single end-play adjustment 
for the complete subassembly. 

Prior to the increase in range of tem- 


perature operation, tachometer pointers - 


were normally flat and painted with lumi- 
nescent material on one side only. 
Changes in temperature cause bending of 
the pointer because of the difference in 


expansion and contraction of the alumi- 


num pointer material and the fluorescent 
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‘has been “ribbed” to reduce this bend: 


_ timing apparatus. 


Intermediate supports — 
desired. LVS 


Fiquré 10. Dual tachometers for su 
charger and helicopter applications * 


material. The amount of deflection oc- 
curring for a 0.010-inch-thick po 
13/,, inches in length is shown in Fi 
In order to improve this condi 
pointer for the single-element inc 


action to less than half of its former val 
Because of the small space between 1 
two pointers on the dual element in 
tor, its pointers are made flat but 
painted on both front and back sides, 
thus = virtually all deflection. 


Conclusion 
“i 


new ieee ao to ppse 
stringent wartime requirements. 

In addition to the furthered develop- 
ment in magnetic materials and processes 
fostered: by the designing of the tachom- 


tions have been made. Among the 
ent and future applications are in 
airplane supercharger and heli 
rotor speed indication (Figure 10), 
panel equipment, regulator control, a 
A single indicato: 
ment from the dual tachometer can 
built into a 1’/sinch diameter case 
use where reduced size is paramount, ia 
the separate indication of engine speed i 


By means of these design revisions it 
has been possible to meet the new require: 
ments which aircraft tachometer system 
have encountered. 
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‘ Automatic Control and Switching 


Equipment for Capacitor Banks 
and Its Application 


T. W. SCHROEDER 


MEMBER AIEE 


HE increasing use by utilities or 
industrial plants of shunt capacitors 
for voltage improvement, power-factor 
correction, and release of circuit capacity 
is leading in many cases to the desir- 
ability of automatically switching or con- 
trolling the capacitors. 

On some utility and industrial system 
circuits, capacitors have been or are being 
applied to the extent that it becomes de- 
sirable to switch part of them at time of 
light load td control voltage and to mini- 
mize circuit losses. 

Recent studies! have shown that as sys- 
tems grow, capacitors on distribution 
feeders ‘and in substation banks have a 
definite place in the growth process, 
There should be, therefore, an increasing 
demand for automatic control equipment 
in this connection. Where industrial 
plants are encouraged, by means of the 
power-factor clause in the utility rate 


‘ 


structure, to supply part of their own 


‘Mmagnetizing kilovars, it sometimes may 
be desirable to switch the capacitors. 
This paper offers application information 
as a guide to the selection of proper auto- 
matic switching equipment, and describes 
available types of control equipment. 


Reasons for Switching Capacitors 
Automatically a 


Capacitors applied for voltage-regula- 
tion purposes should be automatically 
controlled where manual switching is not 
convenient or reliable. Switching also 
may be necessary or desirable to avoid 
-overvoltage or excessive losses, particu- 
larly during light-load periods for capaci- 
tors used to reduce circuit loadings, or to 
meet the requirements of the power- 
factor clause of an electric-power rate. 
Switching usually need not be con- 
sidered if the minimum-load kilovars 
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exceed the capacitor kilovolt-amperes. 


It is shown in the appendix that circuit © 


losses will be a minimum if the un- 
switched capacitor kilovolt-amperes 
equals the average kilovar requirement 
of the load, that is, the average ordinate 
of the daily kilovar-load pattern. In 
some cases automatic switching equip- 
“ment cannot be justified economically 
if losses are the only consideration. 


Types of Equipment 


In addition to the capacitors, automati- 
‘cally controlled capacitor eee 
consists of: 


A. Switching device. For convenience, 
this may be divided into the following 
classes of application: 


A. Low-voltage circuits (600 volts or less) 


2. . Medium-voltage circuits (2,400 to 


18,800 volts) 
8. Utility distribution feeder circuits. 


B. Control equipment for automatically 
controlling the switching device associ- 
ated with the block of capacitors. 


MAIN SWITCHING DEVICE 


1. Switching Equipment for Low- 
Voltage Circuits. This voltage class (up 
to 600 volts) is encountered most gener- 
ally in industrial plants, with the nominal 
460-volt circuit being most common. 
The two types of equipments for this 
service are air circuit breakers and con- 
tactors. . 

Standard air circuit breakers generally 
are used, and have the advantage of pro- 
viding fault protection in addition to the 


designed for highly repetitive operation, 


- but in the average industrial plant the 


number of operations is not large enough 
to result in a serious maintenance prob- 


lem. In those installations where the 


number of operations is large, contactors 
are the logical selection and are available 
with or without fuses. 

2. Switching Equipment for Medium- 
Voltage Circuits. Standard power circuit 
breakers are used almost always as the 
switching device for power circuits in the 
voltage range of 2,400 to 13,800 volts. 


Contactors are available for 2,400- and , 


4,160-volt service. 
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Utility Distribution Circuits. 
» of switching equipment is limited almost 
entirely to the utility field for use with 


is provided by other means. 


Breakers are not .~ 


3. Switching Equipment for Use With 
This class 


small banks of capacitors in which the 
switching device is primarily a switch 
only and not a breaker; fault protection 
Here a 
power breaker could not be justified 
economically for the small capacitor 
banks (45 to 180 kva) located on dis- 
tribution circuits. Oil switches for pole 
mounting are available for this service 
in ratings up to 100 amperes and 5,000 
volts. A typical unit-type equipment, 
including capacitors, switch, and control — 
for a 180-kva bank is shown in Figure 1. 


AUTOMATIC CoNTROL EQUIPMENT 
‘ 


The control is the heart of the equip- 
ment; it receives the signal, interprets it, 


’ 


and then sets into operation the proper 


devices to perform the desired function. 
This control consists fundamentally of 
the following: 


1. Master Element. This is the “brain,” 
and may be a voltage-, current-, kilovar-, or 
power-factor-sensitive device. 


2. Time-Delay Device. A time-delay 
device is a practical necessity to avoid 
unnecessary operation of the switching 
device for signal changes that are only 


momentary. This may be a separate — 


device or may be incorporated as part of — 
the master element. 


3. Sequencing Device. 
only for multistep control, and determines 
the order in which the capacitor groups are 
switched in and out of service. 


niet 


os 


U 


rma: 


4 


SSS 


roe 


| TTL 
ULL Ape 


Figure 1. Unit-type pole-.or base-mounted 
automatically controlled capacitor equipment, 
180 kva, 2,400 volts 
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This is necessary 


4. Miscellaneous Relays or Devices. A 
lockout device is required to prevent the 
switching device from reclosing on a fault. 


~ It is also common to include, for convenience 


of control, an ‘‘automatic-manual”’ transfer 
switch and a ‘‘close-trip”’ switch for each 
capacitor block. i 


Control power is standardized at 220 
volts alternating current or 125 volts 
direct current, following switchgear and 
control practice. 

The simplified control schemes for the 
two most common controls are shown in 
Figures 2 and 3. To illustrate the func- 
tion of each of the component parts, the 
detailed performance of a typical control 
will be outlined. The sequence for a 
single-step voltage-sensitive control is 
quite straightforward and will not be dis- 
cussed. It should be noted that, in 
accordance with standard practice, the 
devices are shown in their de-energized 
position. 

Figure 3 shows the schematic diagram 


and Figure 4 a control panel for a three-- 


step kilovar control. The sequence of 
operation is as follows: As the load 
magnetizing kilovars increase and reach 
a predetermined value, the master ele- 
ment operates, initiating the time-delay 
device and establishing a closing circuit 
for the correct direction of the sequence- 
ing switch. If, after a preset time delay, 
the master element still indicates capaci- 


Table I. 


tors are needed (that is, the signal was 
not the result of just a momentary dis- 
turbance), the time-delay device operates 
and starts the sequencing ‘device. Once 
the sequencing device is started its motor 
continues to operate until the first posi- 
tion is reached, when a set of contacts 


closes to initiate the closing circuit of the. 


The same control- 
sequence procedure is followed for 
switching in suecessive blocks. When the 
load kilovar requirements decrease, the 


switching device. 


capacitors are switched out of service in 


the opposite sequence, that is, the last 
capacitor group switched into service is 
the first group switched out of service. 


If the signal to the master element does — 


not last for the full time-delay period, the 
control is arranged so the timing device 


will be reset for a full timing pened for its 


next operation. 


Master ConTROL ELEMENTS — 


There are two characteristics common 
to all regulating types of master elements 


‘that should be fully understood to select — 


intelligently the proper device. These 
are the range of adjustment and the band 
width. , 

The range of adjustment refers Ph: the 
normal operating level of the device, and 
is necessary, for practical purposes, to 
allow for differences in operating condi- 
tions. For example, the system voltage 


' Application of Automatic Capacitor Switching Control ae . Pe 4 


4 


_ Switching Function 


Average Monthly Power Factor 


‘(d).. Power facto. aes 0 ‘ 


essentially a contact-making voltmete 


Switching Capacitors on Basis of Power-Factor Clause Requirements* 
Power Factor for Billing Determined By 


Power Factor at Maximum Kw Demand: 


level may vary over a rather broad r ang 
so the normal setting of a voltage. 
tive device must be ae of. be 
ment. 


bomen yeni ee a aa 1 
on) and dropout (switching a capacito 
off). The band width must be larger than 
the change in stata) eased by switchir é 


eee action of the sini ane hoe i 
equipment. 

The most common types of maste 
control elements are: 


(a). Voltage. 
(6). Current. 
(c). Kilovar. 


(ce). Time switch. 
(a). Voltage-Sensitive Device. This i 


the most common type is that used wit 
voltage regulators. Standard voltag 2 
sensitive devices are available with t 
range of adjustment from 90 to 110 pe 
cent, and with a band width adjustabl 
from three to seven and a half per cen 
A multistep control requires the lowe 
band width, as it is likely to be used for 
regulating eee: where fine control i 
necessary. 


Removal of Continuous : - Billing B 
Type of Capacitors Occasional Continuous Kwhrand Occasional Measure- Kwhrand on Kw 
Master at Regulating Regulating Measure- Measure- Kvarhr Measure- mentof Kvarhr and Kvar Kva 
Element Light Load Voltage Kilovars ments ments Comparison ment** Power Factor Comparison Demand TI 0 
Voltage, single- : ss) be] ‘i 
BSED sc Beton nies AS ole ORR ee ee Tc Ea eles aathes Saye Soierd ahs Oe eS a i etree aes re . 
Roman > (Versi, mae Noe sete is. cel au 2 E 
i] necessary a a \ 
Current, single- O.K, if power A | 
BtED pyewlies se. PAL OXCOE UV ETSUS Non pervisy oie late etetetiort) ie 1a leh aloe lnlatioya fey eels senate Pasistersretatats ty , 
load charac- ae 3 
teristic known “ ae 
Current, multi- a a 
( a e 
OCH iproeatetciatet tat pieteka) Galore lala) erste atauerele-c' abla )o\ »! <yctelsuss= eis) ele! oe eae: *heln opel eunisialt teenies SIR aon cece i) 
Kilovar, single- O.K. where volt- 2 2 ; 
SCE rersie,svniieieced age mapnitude|('a. ni... «sail caits onkeles- OK eee iy SOO em pr SN ees O.K.. ORs VIOHE 
not satisfac- i 4 
: tory signal 
Kilovar, multi- : O.K. where ' 
StEP. oes... esse igieareed ret) sete eee eees O.K.. Bek wie dei, he ca ech name aisiayshs :.O:K. where meaded control Geaited. —> 
necessary control 7 
desired i. 
Power factor, ; O.K. but de- 
Epi Gert) CDSS WAI 3b GO COTA BOUL HOLS Oe OR OOEIe LT Sensitizinge | 7 Aeaalle <phase saver eee ls O.K. but desensitizing control required —— 
: control 
required 
O.K. where ; 
graded 4 
Power factor, control = : 
MBUItIStep 2... cee cece ese cine ees eect es ese seweescenns deisiir eid alot nce .O.K. where graded control desired but desensitizing contro 
but desen-|{_ required 
sitizing q y 
control ] 4a 
required " 


* Where capacitors are used for rate purposes only, they need not be Sea unless there is a penal td tn. power races It may Ree deena to ani ' 


capacitors at reduced loads to prevent excess voltage and losses 


** At or near maximum load. 
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INCOMING 


DEVICE 


OTHER LOADS 


(0). Current-Sensitive Device. This is 
essentially a contact-making ammeter, 
and since this type of control is more 
likely to be for an ON-OFF than for a 
regulating function, it usually is fur- 
nished ina single-step control. The stand- 
ard range of adjustment is 25 to 100 per 
cent of the coil rating (five amperes). | 

(c). Kilovar-Sensitive Device. A kilo- 
var-sensitive device may be thought of as 
a contact-making wattmeter connected 
to read kilovars; usually it is an induc- 


tion-type directional relay for single- . 
phase indication. It is customary to use . 


two master elements for multistep con- 
trol in order to provide a simple and 
convenient means for adjusting the band 
width. One master element can be used 
for single-step control, and a suitable 
band width can be obtained by a recali- 
brating device. 
The characteristics of the kilovar or 


reactive- -ampere master elements com-_ 


monly are given in terms of reactive 
amperes referred to the secondary side 
of the current transformer (five amperes 
normal). . A useful range of adjustment is 
3.3 amperes (66 per cent) lagging to 1.6 
amperes (32 per cent) leading, with a 
band width adjustable from 2.5 to 0.7 
amperes (50 to 14 per cent). 
_ (d). Power-Factor Device. Since power 
factor is the measure of an angle, the 
‘usual power-factor or angle-measuring 
devices are suitable for this purpose. 
What has been said regarding the kilovar- 
sensitive master element also applies 
generally to a power- -factor-sensitive 


master element. It is usually an induc- 


tion type directional relay. - 

Since the band width in kilovars of a 
power-factor control is variable and 
changes uniformly with kilowatt load, and 
because at light load the band width may 
be smaller than the change in signal 
caused by switching the largest block of 
capacitors, some form of desensitizing 
control is necessary to prevent a pumping 
action at light loads. 
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oar 


TIME- DELAY 


- Figure 2. Simplified 
schematic connec- 
tion diagram show- 
ing single-step volt- 
age control 


Devices: 
1—Master element 
2—Time-delay de- 
vice 
59—Capacitor 
switching device 
(breaker) 
PT—Potential trans- 
former 


SOURCE 


TO OTHER LOADS 


MOTOR DRIVEN 
MASTER ‘SEQUENCING SWITCH 
* 
ELEMENT #1 


i 
SWITCH 


"RAISE LOWER 
CAPACITOR | CAPACITOR 
KVA # IR KVA #IL 


For a larger number of steps, the motor- 
driven sequencing switch is simpler and 
less expensive, and also has the advantage 
that additional steps of control may be 
obtained conveniently by adding addi- 
tional contact positions on the switch. 
With the interlocked-relay scheme, a 
major change in wiring and arrange- 
ment is required to increase the number 
of steps. 


General Application of Automatic 
Control Equipment* 


For REMOVAL OF CAPACITORS AT LIGHT 
Loaps To REDUCE VOLTAGE AND 
LOSSES 


In many cases this will be the only 
switching requirement, and it may be 
met generally by a single-step voltage- 
sensitive control that disconnects the 
capacitor bank when the voltage rises 


_ above a certain value, and reconnects it 


(ce). Time-Switch Device. This is a 
simple control device used for switching 


capacitors at a predetermined time, and 


is used on some utility feeder circuits 
where the load characteristics with time 
are reasonably constant. 


Time-DELAY DEVICE 


A time-delay device may consist of an 
electronic or motor-driven timer. Usu- 
ally, only one time-delay device is used, 
regardless of the number of steps. If, 
however, a different time-delay is re- 
quired for the two sequences, two devices 
are required. The amount of time-delay 
is not critical, and is set long enough to 


‘avoid wuniiecessary operation because of 


momentary circuit disturbances. Range 
of adjustment is desirable; accuracy in 
timing is not of extreme importance. 
Practical. experience has indicated that 
the range of adjustment is from 5 to 20 
seconds. 


- SEQUENCING DEVICE 


A sequencing device is used only for 
multistep control, and consists of an 
arrangement of interlocked relays or a 
motor-driven cam switch. 

The interlocked-relay scheme is simple, 
and can be used for two-step control. 
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Figure 3. Simplified schematic connection dia- 
gram showing three-step kilovar control 


STEER Switching Sequence (Device 34) 
Raise Capacitor Kilovolt-Amperes 
= = <> 


Off ie Ss oe Il Wl 
Trip 25-1 


Close 52-1 
Trip 52-2 
Close 52-9 
Trip 52-3 : 
Close 52-3 
Lower Capacitor Kilovolt-Amperes 


when the voltage falls below a predeter- 
mined value. 

If the supply-system voltage is subject 
to variations independent of variations 
in the load with which the capacitor bank 
is associated, the voltage-sensitive con- 
trol may cause the bank to be switched 
somewhat independently of the load. 
For example, in some cases the capacitors’ 
may be switched off during peak load, or, 
switched on during light load, with re- 
sultant feeder overload or undue losses. 
This can be obviated by the use of a 
kilovar or, in some cases, a current-sensi- 
tive control. 

The inherent characteristic of the 


* A discussion of the application suggestions 


summarized in Table I. 
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ingly greater favor. 


power-factor-sensitive control requiring 


it to be desensitized at light load to pre- 
vent hunting precludes its use for the 
application considered in this section. 


For VOLTAGE CONTROL 


If voltage control is the primary ob- 
jective, a voltage-sensitive control will be 


Figure ‘4, Control panel for three-step 


\ kilovar control 


used, and since voltage control usually 
implies holding the voltage within rather 
close limits, a multistep control should be 


used. The capacitor kilovolt-amperes per » 
_step should be co-ordinated properly with 


the voltage band width. 
For KILovar OR POWER- FACTOR | 
’ ContROL* 


This application is concerned with 
bulk kilovar control in connection with 


_ kilowatt flow past a purchase or inter- 
change power point, or with maintaining 


a high power factor to minimize kilowatt 
losses. The master elements to be con- 
sidered are kilovar or power-factor- 
sensitive devices. . 

In power-dispatching work, the two- 
quantity concept, which treats kilowatts 
and kilovars as two separate and inde- 
pendent quantities, is gaining increas- 
In instances where 
this concept is adhered to, switching the 
capacitors as a function of kilovars 
doubtless will be the predominant ap- 
proach. 

To compare the relative merits of a 
kilovar-sensitive and a power-factor-sensi- 
tive master element where the prime ob- 
jective is to control the flow of kilovars 
to a large load, refer to Figure 5. Part 


' (a) shows the circuit involved, with a 


multistep capacitor bank installed near 


* Exclusive of that for rate-clause purposes, 
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the load for supplying the load kilovars © 


to maintain a peaks load power factor of 
95 per cent. 

The total kilovolt-amperes of capaci- 
tors needed is dictated by the maximum 
requirements of the load. The number 
and size of steps in which these capaci- 
tors are switched is governed by the 


fineness of control desired. Unless the . 


kilovar versus the kilowatt component 


of load (the line a-b of Figures 5b and 5c) 
is known to be fairly constant at all times, — 
it probably will be best to switch the 


capacitors in uniform steps to prevent 
the possibility of hunting. 

Let the line o-a represent the mini- 
mum uncorrected load and o-b the maxi- - 
mum wumncorrected load. Assume line: 
a-b to represent the uncorrected-load 
variation between these two extremes. 
The line b-c then represents the total 
capacitor kilovolt-amperes applied at 
maximum load to obtain the desired 


_ corrected-load power factor, in this case 


f i] 


ATES 


‘POINT OF KILOVAR OR 
POWER FACTOR MEASUREMENT 


CAPACITOR ) 
BANK 
(a) 


0.95 POWER FACTOR LEAD 


LOAD 


ry 
[ad ’ 
eile) 
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<hr O56 
=>0 (rae) 
S<ij| ASSUMED LOAD Apes g 
Sa2]|, VARIATION 620 
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1S) ett 
pele FULL LOAD KVA, 
UNCORRECTED? b Da 
¢ f 
Ce age 


LOAD VARIATION (CORRECTED) 

DECREASING LOA ™ 
~ 0.95 moWite FACTOR ape 
feArACCnS OFF) 


BAND WIDTH 


EoRe eRe (CORREC- 
: INCREASING LOAD 


LOAD KILOVARS 


0.95 POWER 
FACTOR LAG 
fal Gaertn iS 
w : 
ae CAPACITOR 
359 MEN aa LOAD BLOCKS — 
20 = (UNCORRECTED) 
< 
$55 FULL LOAD kVA, ' 
Zz UNCORRECTED’ iy. 
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Figure 5. Comparison of multistep Kilovar- 


and power-factor-sensitive control used to | 


switch capacitors automatically for regulating 
kilovars 


(a). One-line circuit diagram 

(6). Performance diagram with kilovar control 

(c). Performance diagram with power-factor 
control 
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It will be noted frém the uncorr 


- power-factor control is used, ‘the: 


9 Z | |CAPACITORS OFFS EAS 
cowie “~~ CAPACITORS ON 
sa LOAD VARIATION 
She! (CORRECTED) 
: BAND 
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<, 
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control set for low lagging kilo 


control. The low leading kilovar fea 


times if possible. 


95 per cent lagging. The sorre 
characteristics are on the basis o 
equal blocks of capacitors. 
Since the kilovar band width of'a 
factor-sensitive control is variable. 
at no load to maximum at full 1 
necessary that the automatic control 


wor Bach’ fo. be ena This point 
designated by the line labelled “cut of 


in Figure 5c. At loads below thi 
remaining capacitor blocks are swi 
Sigma ; 


the conrettan iad ia fall outeided 
per cent band at Bee loads; bu 


basic eaidbeanent is to conteald 10 
However, the load at which the 

factor falls outside the 95 per cent 
may be reduced considerably by 
the operating band of the control 
cally and sacrificing the very low le 
kilovar characteristic. This load 
be reduced still further by use of sma 
switched blocks. . 


load characteristic and the size of capac 
tor blocks shown in Figure 5c that 


matic switching will be done on onl 
steps instead of the desired four s 
shown. If, for this reason, swit 
fewer and larger steps is considerec 
“cut off” point will occur at a 
load; this will mean a smaller opera 
region in which the automatic contre s 
effective. Ni Aa 

It can be seen from a compariso 
Figures 5b and 5c that a kilovar- 


very low leading kilovars will pr 
more, constant value of kilovar. 
loads than does the power-factor-sensitit 


may be of particular value in this c 
it is not desirable to have kilovars - 
from load to the power source: Ap 
factor control entails complication: 
power flow may be i in either direction yas 
the control point. » ya! 


For MEETING THE REQUIREMENTS | 
THE Power-FactoR CLAUSE OF AN 
ELECTRIC-POWER RATE Tan 


If capacitors are applied for rate | 
poses only, and voltage rise and losses’ 
light load are not a problem, it is not 
necessary to switch the capacitors unle: 


there is a penalty for leading power 


factor. , 
If load power factor is determined on an 
average: monthly basis by continue 
measurement or by an integration of the 
kilowatts and the kilovars for the month 
it will be advantageous to the constumet 
to leave his capacitors connected at al 
Otherwise, generally 
speaking, they can be off except during 
the period of maximum demand, or es 


Euacrmeatieeae ae 


lea ks Phen Phe. 


SS ae eer 


KILOVARS 
o LEADING — 


- LAGGING 


7 period of relatively heavy load (not 
lecessarily maximum demand) when the 
‘occasional”’ measurement is apt to be 
nade. 

Where it is desired to have the capaci- 
ors on at heavy loads for rate reasons, 
ut off at light load to minimize voltage 


ise or losses, the kilovar or power-factor . 


master element will provide the most 


lirect solution of the control problem. 


Unless multistep switching and control 
0 regulate voltage or to keep the losses 
it a minimum can be justified, a single- 
step control, judiciously set, will be 
sufficient. a 

Figure 6 shows a comparison of the 
ingle-step kilovar and power-factor con- 
rol used primarily in conjunction with 
1 rate clause. The diagrams plot un- 
sorrected and corrected kilovars versus 
oad kilowatts. 
cilovolt-ampere o-a and a maximum- 
oad kilovolt-ampere o-b is considered, 
with a straight-line variation between 
these limits for simplicity. Assume it is 


lesired to hold a power factor at peak 


oad as represented by the line o-c. A 
single-step power-factor control viewing 
he uncorrected-load power factor, as in 
figure 6a, switches the capacitors on 
or load .power factors below o-c and 


witches them off for load power factors 


ibove o-c. (Actually, to avoid unneces- 
ary operation, this type of control would 
lave a band width of a few degrees, but 
his is neglected in this analysis.) For 
he load pattern shown, the capacitors 
ire on even at light load, with a resultant 
eading kilovar component corresponding 
o point d. As the locus of the uncor- 
ected-load kilovolt-amperes proceeds 
long the assumed pattern a-—b, the locus 
yf the corrected pattern follows d-c. 


Therefore, for this load pattern, the capaci-. 


ors are never off and the power factor 
s unnecessarily high at light load. 
If the power-factor control measures 


he corrected power factor as shown in _ 


figure 6c, the ON and OFF character- 
stics would result in a band width vary- 
ng with the kilowatt load. However, an 
wixiliary control device operable at point 

is necessary to prevent the possibility 
f hunting. The load range of operation 
f the control could be increased some- 
hat by moving the OFF characteristic 
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Figure 6. Comparison of single-step kilovar- 
and power-factor-sensitive control used to 
switch capacitors applied on behalf of rates 


(a). Single-step power-factor control measur- 
ing uncorrected load 
(6). Single-step kilovar control measuring 
uncorrected load 
(c). eee -step power-factor control measur- 
ing corrected load 


(d). Single-step kilovar control measuring 


corrected load 


to d’, but this scheme has: the disadvan- 
tage of the complication interposed by 
the desensitizing relay and its adjustment. 

The kilovar control element measuring 
uncorrected kilovars, Figure 6b, has an op- 
erating characteristic kk and k’k' (OFF and 
ON again differing practically by a small 
band width). 
somewhat above the corrected kilovar 
component of the expected peak load to 


- assure the capacitors. being on at heavy 


loads which are not necessarily up to the 
expected peak. As the uncorrected load 
increases, the capacitors go on at 0’, 
making the corrected load o-d. At peak 
load the corrected kilovolt-amperes are 
o-c and, as the uncorrected load decreases 
to o-b”, the capacitors are switched off. 
If the single-step kilovar control is 
connected to view corrected kilovars, the 
performance is as shown in Figure 6d. 


Note that the band width must be- 
widened to exceed slightly the capacitor- . 


bank kilovolt-amperes. 

It has been ‘pointed out previously 
that if multistep switching is used for 
rate purposes, it probably will be for 
voltage regulation and to minimize losses, 
With this objective, it is considered that 


the best results more simply than a power- 
factor-sensitive control as may be ap- 
preciated from a study of Figure 5. 


Factors Influencing Operation 
of Control Equipment 


Size AND NUMBER OF CAPACITOR GROUPS 


The type of automatic control for 
capacitor switching is independent of 
the kilovolt-amperes and voltage rating 
of capacitor blocks. The rating of a 
block and the number of blocks in a bank 
is determined by load requirements and 
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The relay pickup is set. 


© 


LOAD, | LOAD 


CONTROL —elojrowrros 
4.3 J ‘ + 
CAPACITOR K ; Ki, *CAP 


@) 


the fineness of control desired. It usu- 
ally is best to switch in blocks of equal 
rating, unless the daily kilowatt-versus- 
kilovar pattern of the load is definitely 


' known and known to be the same from 


day to day. 


' POINT OF SIGNAL MEASUREMENT 


Voltage Control. When automatic 
capacitor switching is done in response to 
voltage, the master-control element 
should obtain its signal from the point 
at which voltage is to be controlled. 
Where capacitors are located on feeders 
supplied from a common bus, with the 
bus in turn supplied from a system of 
limited capacity such that switching the 
feeder capacitors causes appreciable volt- 
age change at the bus, the signal for 
switching should be taken from the bus. 
If individual feeder voltage control is at- 
tempted, the bus-voltage variation as a 
result of switching one of the feeder ca- 
pacitors may require the switching of other 
feeder capacitors, with a resultant hunting 
action of the controls. 

Current Control. The single-step 
current control may measure the un- 
corrected-load current for simplicity. 
The multiple-step current control should 
receive its signal from the uncorrected- 
load current to prevent false operation, 
atid this requires'a separate master ele- 
ment for each step, or a recalibration for 
each step if only one master element is 
used. 

Kilovar or Power-Factor Control. Tn- 
dividual cases will determine whether 
corrected or uncorrected .load should be 


‘used as a signal for single-step control 


multistep kilovar control will provide . 


(see Figure 6). A multistep control 
should measure the corrected load to 


assure proper operation, regardless of 


possible variation in load characteristics. 


DESENSITIZING REQUIREMENT OF POWER- 
Factor CONTROL 


It has been shown previously that in 


- most cases the power factor type of con- 


trol should be made inoperative at low 
load to prevent the possibility of hunting 
action, To preclude all possibility of such 
hunting, the ‘‘cut off’ or desensitizing 
operation should occur at some predeter- 
mined value of kilowatts; thus the 
need for a contact-making wattmeter 
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in addition to the power-factor control 
is indicated. In some cases it is possible 
that a current relay can be used to pro- 
vide “‘cut off” with reasonable accuracy 
and little danger of hunting or pumping 
action of the power-factor control. 


‘Appendix. Determination _ of 

‘Optimum Unswitched Capacitor 

Kilovolt-Amperes to Give Mini- 
mum Circuit Losses 


J. W. BUTLER — 
MEMBER AIEE 


_ Figure 7 shows the variable portion of the 
' daily kilovar load pattern of a circuit. Let 
I, represent the unswitched capacitor 


/ 


_ 
° 


KILOVARS 


° 


TIME > T 


Figure 7. Daily kilovar load pattern of a 


circuit E 


kilovars or current. The square of the rms 
corrected current in the circuit is given by 


1 T 
Gay f { I,f(t) — —-I, }2dt= 
als ato a es f(ddt 


(1) 


entiate equation 1 with respect to 
Ti equate to zero, and solve for value of I; 
to minimize the loss, and obtain 


=A 
7 


San ra rs f()dt=0 (2) 


GLE ; 
Ig ‘ r F 4 
I= a fiat (3) 


7 f Qdt=area of the load pattern, 


and when divide Wee 7 minus the width, the 
average ordinate is obtained. Hence, for 


any kilovar patt€rn, the minimum circuit © 


loss with a fixed Kilovar supply is obtained 
by using a value pf J, equal to the average 
value of the requirement. 
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E. F. W. ALEXANDERSON 


FELLOW AIEE 


HE TERM “electronic power con- 
verter’ needs some definition. The 
object may be to convert power from 
direct current to alternating current for 
d-c power transmission, or to convert 
power from one frequency into another, 


or to serve as a commutator. for operat- — 


ing an a-c motor at variable speed, or for 


‘transforming high-voltage direct current 
into low-voltage direct current. Other 


objectives may be mentioned. It is 
thus evidently not the objective but the 
means which characterizes the electronic 
power converter. Other names have 
been used tentatively but have not been 
accepted. The emphasis is on electronic 
means and the term is limited to con- 
version of power as distinguished from 
electric energy for purposes of communi- 
cation. Thus the name is a definition. 


History 


Within the scope of the definition a 
mercury-are rectifier is an electronic 
power converter. 
view we must trace its history back more 
than 40 years. In the first 20 years of 
this period the development was rather 
slow. An important discovery however 
was made by Langmuir in 1913 when he 
found that a negative electric potential 
introduced between the cathode and 


_ anode prevented the start of current 


flow through the anode. 

At this time the initial development 
took place of the high-vacuum radio tube 
which was an evolution of the deForest 
audion. These tubes were soon used 


successfully at high voltages to convert. 


direct current into alternating current of 
audio and radio frequencies and serious 
thought was given to their use for power 
conversion. The high internal voltage 
drop was however a serious obstacle. 
Attention therefore returned to the mer- 


cury arc and ten years after Langmuir’s 
‘discovery, tests were made which proved 
that the mercury-are rectifier could be 


inverted so as to convert direct current 
into alternating current. The tests were 
made with a standard high-voltage recti- 
fier of the type used for series arc lighting. 


_ It had a bulbous head and two upturned 
Carbon electrodes were intro- - 


side arms. 


Paper 44-143, recommended by the ALEE commit- 
tee on electronics for presentation at the AIEE 
summer technical meeting, St. Louis, Mo. » June 26— 
30, 1944. Manuscript submitted April ‘35; 1944; 
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latest installations have mercury-] 


From this point of — 


E. L. PHILLIP! 


NONMEMBER AIEE 


power would be (ransmitted ie 
tances by high-voltage direct curren 
peta’ would be eleoaey wi ins 


The first tests of the wiverter were 
made with a mercury-pool tube and - 


cathodes. Between these points there is, 
however, a significant development. The 
structure of the tube itself can assume a 
number of successful forms, such as the 
thyratron, the ignitron, and the excitron. 
But all these forms of tubes have certait 
characteristics in common which for e 
the electrical engineer to accept 'a new 
point of view in the methods of its ap- 
plication. This has perhaps been the 
reason why the practical development 


has up to the present been rather slow. 


There has been an unwillingness to face 


the facts or what so far appear to be the 


facts, that high-voltage tubes are subject 
to momentary faults known as arc backs 
and loss of grid control. The hope that 
the tubes could be so improved that these 


_ faults could be eliminated has so far been 


wishful thinking. But a much more con- 


structive point of view has been adopted 


which accepts the electronic faults as 


inevitable while measures are taken which 


render the faults perfectly harmless $0 
long as the incidence of the faults is kept 
within reason. Installations of d-c power 


transmission and electronic frequency 


changers are at present operated on this 
principle with great success. Electronic 


Electronic converter, - dual-con: 
version type if 


¢ 
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Figure he 


Wave shapes of Sinale- phase 
inverter 


Figure 2a. 


{ 


faults occur several times a day. They 


can, however, be observed only by deli- 
cate instruments and do not in any, way 
interfere with power service. 

{ 


Suppression of Electronic Faults 


An electronic fault may or may not 
result in a short circuit, depending upon 
what means are used to suppress it. In 
low-voltage rectifier installations the 
faults oceur so seldom that it has proved 
satisfactory to disconnect the fault by a 
high-speed circuit breaker. In high- 
‘voltage installations the faults occur 
‘so often that this would not be permis- 
‘sible because power delivery must be con- 
tinuous. In the original installation of 


d-c power transmission for the New York 


Power and Light Corporation between 
-Mechanicvilleand Schenectady, this situa- 
tion was first met by the use of constant 
current as described in a paper in 1935 
by Willis, Bedford, and Elder. Ina con- 
‘stant-current system a momentary short 
circuit is of no significance. Such a sys- 
tem is therefore adapted to the character- 
istics of the electronic converter. Opera- 
tion at constant current was successfully 
continued for four years but when plans 
‘were made for future installations it was 
found that the constant-current system 
was not well adapted to existing practice 
of power distribution. The reactance- 
capacity networks used for conversion 
between constant current and constant 
potential were therefore removed and 
the system has been operating at con- 
stant potential for several years. 
connection new means were developed 
for suppressing the electronic faults. 
These methods have proved entirely suc- 
cessful and have been adopted in later 
installations. The sequence of events 


is illustrated by oscillograms taken dur- 


ing practical operation. Samples of 
these oscillograms are shown herewith. 

Figure 1 shows a simplified diagram of 
an.electronic converter of this type used 
for d-c transmission and frequency con- 
version. It should be noted that the 
power circuits of the rectifier and the 
inverter are identical and that it is the 
grid control which makes one part of the 
whole into a rectifier and the other into an 
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In this 


Figure 2b. Wave shape of six-phase inverter 
with low a-c reactance 


inverter. By change of the grid controls, 


‘the power flow can be reversed. The rec- 


tifier and the inverter are however not 
independent devices like a generator and 
a motor but function together as a whole 
—the electronic converter. Electronic 
faults which occur in the inverter are 
suppressed by the rectifier. The recti- 
fier suppresses its own faults but even 
this statement must be accepted with 
some qualifications. The rectifier can 
suppress its own faults because the in- 


‘verter cannot feed current back into the 


rectifier but if several rectifiers feed the 
same circuit in multiple they can feed 
current into each other’s faults and there- 
fore fault suppression depends upon inter- 
action between the several rectifiers. 
The oscillograms of Figure 2 show a 
typical performance of a single-phase and 
a six-phase inverter. The rather com- 
plicated wave shapes of the six-phase 
inverter can be easier understood if the 
records of the single-phase inverter are 
examined first. The three recorded 
curves represent the wave shapes of the 
current in the a-c line, the voltage be- 
tween a-c lines, and the voltage between 
cathode and anode of one tube. The com- 
mutation period is marked by the abrupt 
depression of the alternating voltage 
near the end of each half cycle. The brief 
recovery of the voltage before it passes 


‘through zero is the margin of commuta- 


tion. This same margin is also indicated 
by the brief negative swing of the voltage 
between cathode and anode. If the load 
is increased to the point where this mar- 
gin is used up, the inverter goes into 
short circuit. With this in mind we can 
examine the six-phase wave shapes and 
interpret them as the composite of three 
single-phase wave shapes. 
wave shows its own commutation period 


and also secondary reactions from the 


commutation of the other phases. 

The electronic fault may be of the 
nature of an arc back or a loss of grid 
control known as a “shoot-through.” 


- A simple arc-back has so little effect upon 


the operation of an inverter that it is 
difficult to discover whether it has taken 
place. It wipes out the negative voltage 
that marks the commutation margin 
but this in itself causes no disturbance. 


Each phase: 


Wave shape of cine inverter 
with high a-c ¢ reactance 


Figure 2c. 


"Tf, on the other hand, the ionization left 


over from the arc back causes the grid to — 
lose control in the next half cycle the re- - 
sult is a shoot-through. This occurrence 
is, however, more the exception than the 
rule. It seems to be one of those se- 
quences of events characteristic of elec- 
tronic phenomena which follow a law of 
chance over which we have no control. 
But as engineers, we are not much dis- 
turbed about this so long as we can avoid 
any harmful consequences. 

Besides arc backs there are two other ~ 
causes which may initiate shoot-throughs 
in an inverter. These are not electronic 
faults in the same sense as arc backs, and 
there is a fair chance that they may be 
entirely eliminated. One of these causes 
which has been observed in our earliest 
installations is voltage transients of very 


_short duration which make the grid 


Alexanderson, Phillipi—Electronic Converter 


momentarily positive at a time when it — 
should be negative. Faults from this 
cause have been eliminated by the use of 
suitable filters. A third cause of faults 
is the occasional failure of an igniter to 
fire. This difficulty has not yet been 
entirely overcome but the rate of progress 
in this technique promises that it will 
eventually be entirely eliminated. 

While thus some causes for faults are 
gradually being removed we must face 
the conclusion that shoot-throughs in 
high-voltage inverters will occur from 
time to time and we must be prepared to 
meet this situation in a practical way. 

From this starting point there are 
several possibilities. The inverter may 
be adjusted so as to work with a good 
margin of commutation and the power 
supply may have a short-circuit current 
that does not greatly exceed the normal 
load current. In that case the inverter 
may have enough margin to commutate 


the increased current and the fault 


clears itself. It is then difficult to dis- 
cover that it has occurred and the opera- 
tor would seldom notice it. Faults which 
clear themselves are characteristic of 
circuits containing several rectifier and 
inverter units in series. It was the nor- 
mal performance of a 24-phase develop- 
mental set tested a number of years ago 
with four rectifier units and four inverter 
units in series. This is worthy of note 


TRANSACTIONS 655 


DIRECT 
CURRENT. 


60 CYCLES 


yy ; 

eo A. Fault involving opposite inverter tubes in 
+ both inverters. Both coils of dec reactor in. 
__, Bottom trace is secondary current of current 
be -__ transformer in direct current 
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Wave shapes of phase voltages and phase 


DIRECT 
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B. Fault including two legs of one inverter 

transformer. Both coils of d-c reactor in. 

Bottom trace is secondary current of current 
transformer in direct current 


Arrows indicate made fault—igniter miss 


in one tube does not disturb the sum of 


‘electromotive forces in the system enough | 
to interfere with normal operation. 


Returning to the sequence of events 
that may follow an electronic fault we 
may assume that in some cases the cur- 
rent which follows the fault is so high 
that the inverter cannot commutate it. 


This is the case in the d-c power trans- 


mission from Mechanicville to Schenec- 


.tady and in the frequency changer de- 


scribed in companion papers. In these 
cases it is necessary to clear the fault by 
control of the rectifier. The oscillograms 
of Figure 3 show such a typical sequence. 
The sudden rise in current acts upon a 


fast relay controlling the igniter and grid 


circuit. Consequently the current which 
has been built up in the power circuit is 
no longer maintained by any electromo- 


* tive force and decays at a rate dependent. 


on the time constant of the circuit. It is 
important that the rectifier should not 
go into action again until the current has 
decayed to a value which the inverter can 
commutate. A time relay delays the 


Figure 3. Oscillograms of inverter faults. 


wn aisles sald tania la 


C. Fault including two legs of one inve 
transformer and two legs of one rec 
transformer. Both coils of d-c reactor 


- Bottom trace is secondary current of current 


transformer in direct current 

3 4 
changer used with the thyratron motor 
described in a paper by Alexanderson ¢ and 
Mittag in 1935. . This electronic converter 
has not yet been given a name by which 
it can -be readily identified. It is pro. 
posed here that it be known as the singl le- 
conversion frequency changer. ‘The 
energy is converted by electronic means 


only once whereas in the dual-conversion 


type of frequency changer the power is 


first converted into direct current and 


then back to alternating current. Bot 
function in the same ‘way as a ne on: 
synchronous tie between two a-c syst tems. 
Besides this the single-conversion type 
has many desirable characteristics, such 
as being adapted to feed a stub-end load 
The motor for which it was originally 
developed is a stub-end load and start: 
from standstill with a good tor que e a 
d-c motor. The single motor may be re- 
placed by a synchronous condenser ane 
an independent distribution system in. 
cluding a multiplicity of motors, © 

The problem of suppressing electronic 
faults is solved in this type of electronic 
converter in a different way. When for 


action accordingly. In about one-fifth of a 


when we contemplate d-c power trans- 4 } 
second the normal operation is resumed. 


mission at high voltages. Such installa- 
tions will necessarily have many units in 
series and they can be so designed that 
electronic faults will clear themselves. 
Each unit in such a system operates at 
constant potential but an electronic fault 


one reason or another a loss of ric 
control occurs in one of the tubes the 
resulting disturbance lasts only one-hal 
cycle because each tube is a rectifier a 
well as an inverter and the rectifier func 
tion commutates the fault current out 0 
the tube where the feue occurred, The 


The Single-Conversion Fre quency 
Changer 


Another type of electronic converter is 
shown in Figure 4. It is the frequency 


) 
, “ 
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practical result is that this type of elec- 
tronic converter is entirely free from the 
problem known as shoot-through in the 
simple inverter. Thus it will continue to 
function with slightly reduced power 
even if several tubes are disconnected, 
whereas the simple inverter becomes in- 
operative if a single tube fails to function. 


aL 


The D-C Transformer | . 


One of the first objectives in the devel- 
opment of the inverter was to provide a 
_way for transforming direct current from 
high voltage to low voltage. D-c trans- 
formation has not yet found application 
in any large scale. But the experience 
gained in d-c power transmission indi- 
cates that it is from a technical point of 
view entirely practical. The electronic 
industry is waiting for a demand where 
this experience can be applied. The 
questions that are likely to be asked are: 
How will it start? Will it require moving 
machinery? How will it ride through 
faults? 
In order to give a practical answer to 


these questions, testshavebeenmaderep- 


presented by the diagram, Figure 5, and 
oscillograms, Figure 6. The power source 


is assumed to be a rectifier station like the . 


one used in the d-c transmission from 
Mechanicville to Schenectady. The re- 
ceiving station has no moving parts. It 
has a step-down transformer from the 
high-voltage inverter to the low-voltage 
rectifier. A capacitor is in shunt with the 
transformer. The load is a d-c motor. 


One oscillogram shows how the operation — 
is initiated from a dead start by applica- | 


tion of the grid control to the high-voltage 
inverter. A second oscillogram shows the 
characteristic wave shapes. 
Adaptability of the Electronic 
Converter 


Three types of electronic converters 
have so far been discussedand it has been 
shown how means have been provided for 
suppressing electronic faults. In practical 
operation there are also apt to be circuit 
faults. 
instance sometimes struck by lightning. 
The short circuit following a lightning 
stroke is cleared by the control system 
which is provided for suppressing elec- 
tronic faults. The transmission line is 
therefore immune to lightning strokes so 
long as permanent damage is not done to 
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The d-c transmission line is for 


‘ 


Figure 4 (left), 

Single - conversion- 

type —— frequency 
‘ changer 


Figure 5 (below). 
D-c transformer 
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Wave shapes of inverter in d-c 


Figure 6a. 
; transformer 
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Figure 66. Wave. shapes of rectifier in d-c 
transformer 


D-c transformer starting a motor 


load 


Figure 6c. 


‘ 


the insulators. 
tronic converter a virtue has thus been 
made of a necessity and a real improve- 


ment in practical reliability has resulted. . 


Disturbances from other causes than 
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In the design of the elec-. 


lightning may result in circuit faults. 
Whether such faults can be counted on to_ 
clear themselves automatically depends. 
upon the characteristics and stability of 
the systems that are involved. An elec- 
tronic converter has a definite load limit 


like an inductance motor or a synchro- 


nous motor. In the grid control we have, 
however, excellent means for regulating 
the system so that those load limits are 
never exceeded. Such regulating systems 
have been incorporated in the installa- 
tions now in operation as described in 


companion papers. 


It is important that the application 
engineer should understand the character- 
istics and limitations of the several ty Pes 
of electronic converter. 

The rectifier—-inverter combination may 


be described as a frequency changer or a © 
d-c power transmission depending upon — 
whether they ‘are located in the same — 


station or far apart and joined by a d-c 
transmission line. The -Mechanicville- 


_ Schenectady installation is a frequency 


changer as well as a transmission because 
the power is generated at 40 cycles and 
delivered at 60 cycles. Similar installa- 
tions may fill a demand in the future as 
nonsynchronous links between 60-cycle 
systems which are not operated in syn- 
chronism. This type of installation is 


primarily adapted to exchange of power — 


between independent systems. In its 


suitable arrangements will undoubtedly 
be made. An electronic d-c transformer 
fed from a d-c line may be used to start 
a dead load as shown on the accompany- 
ing oscillograms. The power thus made 
available may be used to start a syn- 
chronous condenser so that it can be fed 
from another electronic converter. This 


will serve to illustrate many possibilities — 
of using the electronic power converter in — 


one form or another. It can safely be 
said that with the installations of the 
electronic power converter already made, 


‘original form, it is not adapted to start — 
a dead load. When needed, however, 


’ 


this new tool of the electrical industry ; 


has come out of its infancy. ; 
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The Evaluer at Standard ‘nes of 


Current Transformers for High 


Overcurrent Capacity 


E. C. WENTZ 


MEMBER AJEE 


Synopsis: Modern switchgear requires, 
more and more frequently, special current 
transformers capable of carrying very high 
fault currents. In the past, the application 
engineer and the design engineer were not 


_ always close together in their work on the 


current-transformer problem; the applica- 
tion engineer has often had only an approxi- 
mate idea of what the design engineer could 
produce, while the design engineer has had 
only an approximate idea as to general ap- 
' plication requirements. The design engi- 
neer has not had too sound a basis for many 
of his designs. His costs were high on ac- 
count of the multiplicity of special designs. 
_ This paper discusses the basis of design of 
current transformers for high overcurrents, 
and describes the co-ordination of mechani- 
cal parts with performance requirements to 
produce lines of current transformers in a 
definite and easily understood pattern of 
characteristics, The result is that selection 


of the proper current transformer is easily © 


accomplished. 
- The arrangement of the line of mechanical 
_ parts and performance characteristics is such 
that the expense involved in manufacturing 
these special transformers can be consider- 
ably reduced. ; 


N the early days of switchgear con- 
struction, fault currents were not 
generally as high as they are today. 
Special current transformers to carry 
high currents were rarely needed. To- 
day, however, special current-trans- 
former designs for high current capacity 
‘have become common. These “‘special”’ 
_ designs have taken their place in so much 
switchgear that they have become in 
fact standard for switchgear. 
of their design and rating becomes logi- 
cally a subject of wide interest and im- 
portance. \ 
These current transformers have been 
mest confusing to the application engi- 
neer. He haseunderstood that the special 
transformers for high overcurrent had to 
have, in general, either higher cost or 


Paper 44-94, recommended by the AIEE com-, 


mittees on electrical machinery and protective de- 
vices for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
seript submitted March 13, 1944; made available 
for printing May 4, 1944. 


E. C. Wenv7z is transformer design engineer, West- 
inghouse Electric and Manufacturing Company, 
Sharon, Pa. 


658 TRANSACTIONS 


_ performance requirements. 


The basis — 


poorer performance, but there was little 
generally published information to tell 
him how high the cost or how poor the 
performance. He was amazed, in some 
instances, when he found out. The de- 
sign engineer, on the other hand, has 
been confused by the wide variation in 
The result- 
ing multiplicity of special designs has 


cost too much. to design and to manu- — 


facture.. 
The fundamental basis for aohitien of 


the problem is logically a design study, 


but the evolution of standard lines of 
transformers to fit all conditions is a most 
important part of the solution for the 
application engineer. An application 
study will be described, together with 


the method of setting up standard lines | 


of current transformers. 


Design Study 


* The important characteristics of a 
switchgear current transformer may be 
listed (given also the insulation class and 
nominal current ratio) 


(a). - Fault-current capacity? 

1. Thermal limit (one second). 

2. Mechanical limit.. 

(b). Metering performance or accuracy 
1. ASA metering accuracy classes,” 

2. ASA metering burdens.? | 

(c). Relaying performance 

1. ASA relay accuracy classes. 47 

2. ASA relay burdens.? . 


(d). 


In general, it is obvious that any char- 
acteristic can be somewhat improved at 
the expense of one of the others. The 
problem is to get a best compromise of all 
the characteristics. Let us-exatnine each 
characteristic separately. 


Size and cost. 


Fault-Current Capacity 


1. Thermal limit. This limit! is 
defined in a rather complex way which is 
really equivalent to defining the maxi- 
mum current density (for one second) as 
about 90,000 amperes per square inch. 


Wentz—Current Transformers 


“copper. 


_ principle can be stated in words, abo 


ally used, as expedient. 


2. Mechanical limit. The stu 
the mechanical limit divides logically 
two parts: : 
A. Calculation of forces. Various for: 


act to distort the coils in various ways. 
Figure 1.) 


ance to each form of distortion. 


A. CALCULATION OF FoRCES 


for their solution, is indicated in Fi 
Two fundamental principles are ay 
able as tools to determine the forces. 


(a). Foree=Fe Bli 
dL 
Force = F ge: 


0. 2 dx 


The first principle is the more famil: 
and is thus more easily used. The se 


follows: the force on an element of 
coil, in any direction (taken as 


by Dwight! and Clem® and used to 
vantage by Clem in calculating forces 
transformers. 


1. The expanding force eae also 


tends to unwind the outer coil) is a 
easily calculated according to the assump-_ 


“4 
neeen eee LZ, 
——— 


SECONDARY COIL 


SECTION A-A 
Figure 1. Physical nature of forces 


Forces are indicated by the arrows in the 


Both methods are actu. 
~¥ 


FORCES on : 


right-hand view ‘ 


In the primary coil, the forces, acting Junaid 


_with components toward the vertical center-. 


line tend to expand the outer coil, and to- 
crush it axially 
In the secondary coil, the forces tend to crush 
it against the core 


Further inspection of the figure indicates that — 


if the coils are not centered about the center- 


line of the right-hand view, an axial force 
tending to slide the coils apart will cevsaety 


*).  Erpereicay cua 


‘ 
i] 


formula derivation, also outlined in 
Figure 2, is very simple. This method 
obviously introduces some error. How- 
ever, the expanding force is not the im- 
portant force if the transformers are con- 
structed as shown in Figure 1, and actual 
failure is very seldom caused by it. Fur- 
thermore, even this approximate method 
gives more accurate results than the best 
available formula for axial forces, so that 
further refinement is without point. 

2. Unwinding force: The principles 
of Figure 2 may also be used to calculate 
the force on the end turns of the coil 
which tend to unwind the coil. If the 
coil (Figure 4) is N turns thick, the 
average field strength through the end 
turn is 2/N of the average value through- 
out the coil itself. The ampere-turns 
in the outer turn is 1/N of the total 
ampere-turns in the coil. The force per 
inch of the end turn of a coil constructed 
according toFigure4 isthen (2/N) x (1/N) 
of the expanding force on the coil as a 
whole, or 2/N?. 

3. Axtal-displacement ae The axial 
forces have been calculated in a number of 
ways.*® The method developed by Clem® 
has been found to be most accurate and 
easier to use. The discrepancy between 
the methods was found to be such that 


further investigation into the adequacy 


of Clem’s method was carried out experi- 
mentally, as follows: 
Experimental Determination of dM/dx 


_ The value of dM/dx or rate of change of 
mutual inductance with displacement, 
‘was carefully measured by measuring M 


for various axial positions of the inner coil | 


relative to the outer. The change in 
mutual inductance is very small indeed, 
but can be adequately measured by com- 
parison with standard precision mutual 
inductances according to the method out- 
lined by Fortescue.’ This method can 
easily be used to measure a change in 
mutual inductance of 0.01 percent. The 
coils used were actual current-trans- 
formercoils. Figure3A shows thecoilsand 
gives some of the results of the measure- 
ments. The change in inductance at 
one centimeter displacement is only 1.4 
per cent, and as the mutual inductance 
can be measured to not better than 0.01 
per cent the measurement of dM/dx is 
probably not accurate to better than 
five per cent. ; 


Experimental Determination of Force 


The same coils were used to determine 
the force, according to the set up in Figure 
3B. Again the displacement was ac- 
curately measurable to about 0.05 centi- 
‘meter. The difference between the re- 
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sults of Figures 3A and 3B is about 
eight per cent. The discrepancy can be 
attributed to experimental error. The 
agreement is close enough to show the 
adequacy of the principle that F « 
(a?/2)(dM/dx). 


Calculation of Force by Clem’s Method® 


The formula is (the notation is from 
the original paper) 
F=0.88/?a?n N10°X 
IG Xx: x 
|r ee es ra Xn| (3) 
ial 
F=Peak force in pounds 


J =Root-mean-square amperes 
n, N=Turns in the two coils, per centimeter 


of axial length 
A, a=Effective radii of two coils 
Sep | an 
care ES eee ee 
2 2, 
S—P. S+P 
Rise oe Se 
2 2 
n=V APEX? rn=V APEX? 
n=V AEX? n= VAKE 


Where X = displacement 
fa ta LANE LGNES CANE 
sea Ae Ae) ne x 
Sailer ah: 
Ne 1,024\ 7 ms 
E@) — ae( 4) +8| etc. (4) 
11 1% 


Fy, F3, and Fy, are similar expressions, 
functions of 7, 73, and 7, instead of 7. 
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SECTION A-A 

Figure 2. The expanding force can easily be 

calculated by F< Bli, if the flux lines are as- 

sumed to be straight lines limited at the ends 
of the coils by magnetic surfaces 


The figure shows the lines passing straight 


0.4¢NI/ 
across. B= 
Si 
The force is: 
pa it.3(NY 
Tie 


peak pounds per inch of coil perimeter when 
NI = root-mean-square symmetrical ampere turns 
is Fully offset 
~ §=inches length of leakage path 
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The numerical work in an actual prob- 
lem is considerable, even with the aid 
of curves and tables, and it is sometimes 
difficult to get a true answer, because the 
answer is a small difference between large 
numbers, each one the result of consider- 
able calculation. Much simplification is 
possible by the assumption that S=P. 
This is usually true in power transformers, 
and nearly true enough in current trans- 
formers to give satisfactory results. 
Then 


/f Xo i Oe, 


also, for small values of X, 


f2=ts—=A 


Fo= Fs 


Xe Xs 


SS F; 
‘ r3 


Le) 


S+P 
Kee x, and nr 


_ The corresponding values of a/rand A/? 


will usually be so small that 
F,\S=Fi=1.0 


Hence 

Gena tea. 4 

ae F.iF, — 0 
T 14 


Returning to equation 3 


Force = 1.77617a2Nn ~ F,10-6 * Sy 
2 
or 
tat a \?X ; 
Force = 1.776(N Is)? 5 ¥ F,1078 (6) 


where N,Js=ampere turns (root-mean- 
square) in coil of axial length S. J is 
taken from the table in Clem’s paper. 
This formula is obviously much easier to 
use than the original (equation 3). 

Using this formula, and assuming that 
round coils equivalent to the actual coils 
in Figure 3 are those which have the same 
area inside the mean turn, the force comes ~ 
out to be 


Force = 0.061412X 


where X is in centimeters. This compares 
favorably with the actual value of force 
by either of the other methods (Figure 3) 


dM 
From measured value of he F=0.0867127X 


grams; 108 per cent 

From measured value of force, F=0.081?X 
grams; 100 per cent 

From Clem’s maethod simplified, F 
=0.0614J2X grams; 77 per cent 


Taking the measured value as correct, 
the force on the actual transformer coil 


TRANSACTIONS 659 


i 
q to, 
x. x 
rhe 

n ‘ 


nef 


i. 


WEIGHT 


INNER COIL 
OUTER COIL 


SUPPORT FOR 
<— OUTER COIL 


(B) 


Figure 3. Coils used in experimental nears 
‘mination of dm/dx and F 


_ A—The relative axial position was determined ~ 
The center — 
position (a= a;) did not give quite the maxi- - 


from measurements of a and ai. 


mum value of M. The point at which M was 
actually maximum was taken as center. If X 
‘is displacement from this center (centimeters), 
the values of M followed very closely the 
relation: 


M=0,.00031731 Mine oie 
from which dm/dx=0.0000085X and force 
=0.0867X/? (grams) 


- B—Procedure of measurement: 


a Adjust position and weight so that balance is attained 
with or without current in the coils. 
neg are electrically centered. 


2." Without current determine displacement (1.14 centi- 


meters) as additional weight (1 gram) is added. 


3. With current (7. 8 amperes direct current) determine 
weight (6.55 grams) to produce same deflection. 


4, Force due to current is 5.55 grams. ° 
F=0.08 X /2Xx (compares with 0.0867 /2X from Figure 3A). 


at normal current (10./2 peak amperes) 
and 0.1 inch (0.254 centimeter) displace- 


ment would be 


- F=0.08X2X100X0.254 =4 grams 


- pounds, 


At 200 times normal current the force 
would be 200?X4=160,000 grams=352 
This compares favorably with 
the force of 600 pounds required to sepa- 
tate the coils, described later. 

This method is obviously not too exact. 
However, it is never possible to know the 


‘possible displacement in an actual trans- 


former with great accuracy. Itis neces- 
sary to make some assumption as to maxi- 
mum possible displacement, which must 
be assumed large enough to be on the 
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This will be when the ~ 


safe side. This automatically provides 


‘<a fairly large factor of safety, so that 


great accuracy of calculation is unneces- 


sary. The method given will give a suffi- 


ciently accurate comparison of forces in 


various designs, which is all that is re- 


quired for the purpose. - 


B. CALCULATION OF STRENGTH 


The resistance to each pea can be 


calculated as follows: 


1. Expanding force. The expanding force 
in a coil appears as a tension in the copper 
which can be calculated in the same way 
as the tension in the walls of a cyclinder sub- 
jected to internal hydraulic pressure. 


Given: 


~ F=force per unit of circumference 
d=diameter of the coil 


Tension in one side= Fd/2 and the stress in 
‘the copper is Fd/2 divided by the total cop- 
per cross section. In the coils in question 
this tensile stress (see Figure 2) is never the 
critical one; failure always occurs by axial 
displacement. 
2. Unwinding force. |The. end turn is 
_held down in three ways: 


By the Micarta terminal brace (Figure 4). 

By the treated tape insulation wound Heatly over 
the coil. 

By the stiffness of the copper. 


Of these, the first and third are difficult. to 

calculate, although they are considerable. 
The strength of the treated tape is easily 

‘ calculated, however, and is found to be suf- 
ficient to hold the end turn in place, assum- 
ing an ultimate tensile strength of 5,000 
pounds per square inch for the tape. (For 
0.010 X 1-inch tape, a persis strength of 
50 pounds.) 


3. Arching of straight side of primary coil. 
The expanding force tends to arch, or bow, 


the straight side of the primary coil. The 


strength of the side is obviously at least 
that of a beam supported at the ends, uni- 
formly loaded. The beam is made up of the 
several conductors of the coil, so that it 


should actually be considered as several — 


separate beams, as many as there are con- 
ductors, which is usually equal to the num- 
ber of turns V. The load can be assumed to 
be divided equally on each beam. Then, if 
Fis the total force per inch of length of coil J, 
the load per inch on one conductor (beam) 
is F/N and the maximum moment is 


2 
Moment = ee 
N8 


and the maximum stress is the familiar 


-MC/I 
. moment X1/, conductor thickness ~ 
Stes = 
moment of inertia of one conductor, 
conductor thickness 
BP 2 
Stress = F x3 


tS conductor width < 


conductor thickness? 
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reached. The inference is that the coil 


-The force requiréd for the coil shown in 


The force required to move the coils very. 


The stress will usually come out tob be 
about 50,000 pounds per square inch at 2 
current at which the limiting axial force is 


fail by bowing out of the straight si 2 
Actually, however, two important fact i 
enter to reinforce the coil at this pole . 


1. As soon as a very slight bow has uel the 
beam is much stronger. ' 


2. Thecore, backed up by « a Meany: ek base, takes. 
much of the stress as soon asa slight deflection | 
occurs. a 


ra = 


The aeenat strength is very difficult to cal-_ 
culate. Tests to be described, howe 4 
show that this stress is not the limiting one. 


4. - Resistance against axial movement. a 
number of coils were made and the strength 

measured by actually pressing the inner coil 
out of the outer coil in a testing machine. 


Figure 4 was of the order of 600 pounds to 
start the coil moving. The cement used i isa 
plastic, and its resistance is viscous in nature ZF 


rapidly, as they do when actual failure oc- ; 
curs, is certainly higher, but it is not possible 1 
to say how much. From these tests the ef- 
fective shearing strength of the cement was 4 
determined and strengths of other size coils 

calculated. A high-strength thermosetting : 
cement was found to be practical for those 
designs made for high thermal capacity in 
oversize frames, to make the mechanical 
limit comparable with the high thermal 
limit. The strength of this cement is more 
than twice that of the plastic cement. The 
designs with which this cement is used have | 
oversize copper, so that the tensile strength 
of the coil is increased about in proportion. 
and as they have, in general, more than f r 
turns, the ee force was not a limit. 


a 


higher in these destone in pet the same 
ratio as the thermal limits. . a 


f 
‘ 


aaa T. ests 
The critical aes ie are evidently () 


the axial displacement resistance and 2). 


the bowing of the straight side of the coil, 
The possible initial axial displacement | 
in a coil the next size smaller than Figure 
3 was deliberately made 0.16 inch by 
displacing the last coil layer. According 
to Clem’s method, simplified, the axial 
stress was then 650 pounds at 100 neal 
normal current, while the resisting force 
averaged 600 pounds. This transformer 
withstood 100 times normal current, as a 
fully offset wave could not be obtained, 
but at a slightly greater current the 
secondary coil was violently ejected, 
taking the core with it. Once the second- 
ary coil moves, the force is increased, and 


although the current lasted only three 


cycles, there was ample energy delivered | 


- to do considerable damage. 


Another unit was very carefully cen- 
tered and cemented with high-strength 
cement so that an expanding force of 
about 8 ,200 pout Pe, inch, arn a 


betes of 98,000 BASES. per. square we: 


ELECTRICAL mia 


i 


oe i 7 a £ ry 5: P 
oy ° oh £ 


at a current of 350 times normal could 
be developed. (Force per inch of coil 
length =8,200 pounds.) This transformer 
actually withstood this current without 
damage. » When the current was raised 
to 470 times normal fully offset, a bowing 
of the primary coil was produced. (Force 


per inch of length=14,700 pounds.) — 


The resulting bow did not destroy the 
transformer, but produced distortion of 
the core and frame. 

The final justification of the methods 
consisted of calculating the mechanical 
limit of a number of designs, and testing 


Table | 


150/5=8 primary turns to 240 secondary turns 
100/5=8 primary turns to 160 secondary turns 
75/5=8 primary turns to 120 secondary turns 

- §0/5=8 primary turns to 80 secondary turns 
40/5=8 primary turns to 64 secondary turns 
30/5=8 primary turns to 48 secondary turns 


them all (over 15 units) at currents ex- 
ceeding the calculated limits, without 
damage. Higher currents produced axial 
movement in some units not perfectly 
centered, and stil: higher currents de- 
stroyed a few units which were centered, 
by bowing of the coil. 

The final strength limit is fixed by the 
axial force on account of the assumption 
that these coils cannot invariably be 
initially centered closer than 0.1 inch. 


This dissymmetry is caused by a number 


of var ations. 


1. Dissymmetry due to leads. 
2. Misplacing of the last (partial) layer. 
3. Dissymmetry of assembly of the coils. 


It is possible to control these factors in 
manufacture, but as it is not practical to 
make any tests for symmetry of the final 
assembly, it is considered that it would 
not be conservative to assume that the 
initial displacement would be less than 
0.1 inch. 


Metering and Relay per ecnimnee 


The eta of calculation used has 


been described previously. The quality. 
of the problem to be solved can be illus-. ” 


trated by pointing out that the errors 
in transformation vary (other things being 
equal) approximately as follows: 


Errors increase with increasing secondary 
burden in ohms.’ 


Errors increase with decreasing secondary 
turns (about as the square). 


The mechanical limit (limited by forces) in- 


creases directly with decreasing secondary 
turns. 

The thermal limit (considered in times 
normal) also increases with decreasing 
secondary ini Pa almost directly). 
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‘overcurrent limit. 


The Bese pat burden, however, decreases 
with decreasing secondary turns (about as 
the square). 


The relations are not exact but they 
illustrate the conflict between errors on 
the one hand and burden and current 
limit on the other. 


Application Study 


The design study is of fundamental 


importance, but the method by which it 


has been applied is of greater general in- 
terest, because it is based on ideas which 
are new and by which a unique result 
has been obtained. 

‘Obviously a practically infinite num- 
ber of current transformer designs would 


be required to suit all the applications | 
exactly. Therefore, some study must 


be made of the field of application to 
allow the fundamental design principles 
to be applied. A limited number of 
standard designs is obviously desirable, 
but it is not clear, at first glance, what to 
choose as standard. The following para- 
graphs describe the evolution of saan 
lines of transformers. 


Standard Overcurrent Limits: Correlation 


With Circuit Breakers 


‘Standard switchgear pract’ce® is to 
specify, for the current transformer, over- 
current capacity equal to that of the 
circuit breaker with which it is used. 


_ The logical conclusion, therefore, is to 


design a standard line of current trans- 
formers to go with each of the commonly 
used circuit breakers. Four standard 
lines of current transformers in each in- 
sulation class are indicated, designed for 
fault currents of 14,500, 26,000, 36,000, 
and 46,000 amperes. 


Standard Cores 


Four core sizes have been found to be 
sufficient to cover the range of require- 
ments from 5- to 15-kv insulation classes. 
More details on the cores are given later. 


Standard Primary Coils — 


Given the insulation class, overcurrent 
limit, and core size, the primary-coil de- 
sign is fixed, since the primary turns and 
copper section are determined by | the 
The maximum pos- 
sible number of primary-coil designs is 
then the product of 3 (insulation classes 
5, 8.7, 15 kv) times 4 (overcurrent limits 
listed above) times 4 (core sizes) or 48. 
As shown in Table III, the useful num- 


ber of designs is only 28. Furthermore, 


as shown in the same table, 12 of these 
designs are taken from the standard com- 
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mercial line of transformers. Finally, 


/ then, only 14 special primary coi's need 


to be designed, built, or carried in stock. 


Secondary-Coil Design 


In making the core designs and the 
designs for the primary coils, space will 
have been left for a secondary coil to have 
substantially the same total copper cross 
section as that of the primary coil, so 
that the overcurrent density in the 
secondary copper will be substantially the 
same as n the primary, regardless of the 
number of secondary turns. 


Table Il. 


ASA Metering Accuracy Classes. 
Related to Secondary Turns (for Any Core) 
Secondary Burden Burden Burden 
. Turns* 0.1 0.5 2.0 
DAO saa awe oe OS Score OG Seeker 0.3 
2002s Sova hon tare O38 sips Of 3 Sees 0.6 
W602 asta LURE: Jane Sear) OF wet ae 12's 
B20 cc ts cree OS eee OUS cre aire 2.4 
IDO sia tenis Aiea = of Oy nes as 0). Gu scnEe 2.4 
BOBS. tore Oe QBs i chuce OS Ota ae 4.8 
(Aare hem beac OeBigeteeiere 1.2 
0) rcretays rita, Be ah als 0. Gas 4.8 
SOO Pie ce ee Diss seen 4.8 
* Nominal: The actual value is slightly smaller so — 


that the actual current ratio will come out right. 


The various nominal current ratios are 
obtained with a given primary coil by 
varying the number of secondary turns. 
For example, the eight-turn primary coil 
in core number 1 is used to make the 
ratios shown ‘n Table I. 


! 


As the number of turns is reduced, the 


copper section in each turn must be in- 
creased. Obviously all ratings will 
carry 150 amperes continuously. The 
last one, for instance, the 30/5, may ac- 
curately be described as 150/25. The 
design of the secondary coil is opwensy 


. very simple. 


TREATED TAPE ON 
PRIMARY COIL 


Figure 4. The primary coil shown is that of 
the 200-ampere rating, wound of heavy cop- 
per strip in two sections 


The end (outside) turns are held down by 

the brace which holds the terminals together, 

and by the treated tape. The secondary and 
primary are held together by cement 
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VOLTS PER TURN -60 CYCLES 


AMPERE 


Performance 


As the number of secondary turns is 
_ reduced, the performance becomes poorer. 
In a given core, the performance depends 


only on the number of secondary turns. _ 


The performance can be calculated for 
each number of secondary turns and core 
size, but the great amount of numerical 
work creates an impossibly tedious prob- 
lem. The problem was made practical 
only by designing the cores as follows: 

1. The saturation curves, in the lower 


(metering) range were made ee. 
identical (Figure 5). 


2. The proportions of the window opening 
were so adjusted that the internal reactance 
of the secondary coil comes out the same in 
any core (for a given number of secondary 
turns). : 


Jig 
ok Af 


Figure 5. The satu- 
ration curves for the 
cores are practically 
identical over the 
lower (metering) 
range, so that the 
metering perform- 
ance of all cores is 
the same 


The curves vary 
widely over the up- 
per (relaying) range, 
but as the relay per- 
formance rating is a 
function principally 
of the saturation 
voltage, it is not too 
difficult to work out 
relay performance 
ratings for each one 


TURNS = REACTIVE COMPONENT 


This means that the calculation carried 
out for one core holds for any core, and 
that the performance for any design can 


be read from a single simple table, such 


as Table II. 


Final Standard Lines of 
Transformers (Table III) © 


‘Each primary coil in Table III rep- 
resents a line-of transformers covering a 
rather small range of current ratios, as in 
Table I, and the performance of each of 
these ratios can be read from Table II. 
The total possible number of designs is the 
product of the number of primary coils 


_ times the number of secondary coils 


used with each primary. The number of 


ratios in each line is small because th 


maximum number of turns in the 7 dl 


Table Ill x 
Tnsu- Core No. 1 Core No. 2 Core No. 3 Core No. 4 
lation 7 - 
Mechan- Class Pris Pri-. Pri- rr ey i 
ical Limit (Kilo- mary Thermal mary Thermal mary Thermal mary Thermal 
(Amperes) volts) Turns Limit Turns Limit Turns Limit ‘Turns Limit 
PESO en SSe. s. SRE sis ele L250 cry eee 12 14,500. 14 ~~ xem 172000: 
DEiOOD oma Os a WAE Fe sa, 26,000. 2. 7 er eOsOO0s as « (8 . . .30,000 
Gs OO Gers ct meh ain sine Ce ace 36,000... ... 5 750,000 55 5 3. 6 . .. 50,000 
AGOOO Ss 20 GD). S20 Dene ht 50,000..... 3 We DOOOO® 3). 5t 4 . .60,000 
MARR OUITARGHE Ga ome (otis LA ase Chara IDEOOE 427.2 14 . 14,500 
26,000.... Fo oe | COO hee ene Ree ie Ay Re ae 25,000..... 8 » -26,000 
BE eaten Sc hots lace a tersiaiele Cais rcmapere iol ears 36,000..... Gig Aoaee 36,000 
ARO) sare Ode vitrccreid.oleaid steel ais ove cievartys Dire nes 46,000..... 4 . 50,000 
PAO hiememnn el OF Meare Mrete ote roars al Nags lala je ananehrs Giasainters) ehelérs CP ean a BE. ae 12;500%% . o% 12....14,000 
RUT Oe be OG SAS COC COME SO Ae CCE OACHIOR Gea. oie Ae ae 25,000 7....27,000 
NIG: Camere evapo frteneioi ove: she ee Bieiia SPN) ccoialpe se tsie tm ietalisnt ie tale ofS ile « Bee Be 36,000..... 5....36,000 
AG OOO Seerek Med ole g'40S art ietel A pings lacs tiv. ois: eh Erez micunicecnro ta (cieteathe aeeretohedells Pia Ta © 46,000.-... 4... .50,000 


* These primary coils are taken without change from the standard commercial lines of transformers; 
the transformer construction and dimensions are standard. The coils with 8, 4, 3, 2 turns, respectively 
are the coils for standard 150, 300, 400, and 600 amperes, respectively. The other designs are made with 


~ special primary coils. 


The higher-strength coil cement is used to resist the higher mechanical forces gener- 


ated by the higher values of ampere turns. These designs are accordingly more expensive, but of course the 


performance of these designs is much better. 
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highest ratio is that which has the norma 


turns ot ae sot oatuaee: Howell 
as the table shows 28 lines of transform 
ers, which, with at least six ratios 
each line, is 168 new designs, it migh 
seem that a great deal of design work i 
yet to be done. However, after the 1. 
special primary coils have been designed 
the design of the secondary coils is se 
simple clerical work. “4 
The final complete table of trans 
formers would require considerable spa 
and is not included. Each space inl Tab 
III is expanded, in the manner of Tabl 
I, into a line of transformers. Each Tin 
has the one continuous primary-curren 
rating in all ratios. The performance 
characteristics fall into a consistent pat 
eras 
The transformers are constructed a 1 
similar way, and the fact that only fou 
sets of mechanical parts and only 2 
primary-coil designs are required reduce 
manufacturing expense. 7 
The problem of selection is almos 
completely solved for the applicatio1 
engineer, since he can very quickly fin 
the design he wants in the .complet 
tables furnished by the manufacturer. — 
Control of quality is much easier. Th 
user of the transformers can be mor 
certain that transformers selected from : 
standard line of proved performance, wil 
be more satisfactory. | 


; 
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Totalizing Contents of Aircraft Fuel Tanks 
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HE requirement of totalizing two or 

more liquid levels in aircraft fuel tanks 
falls into two broad classifications. The 
first involves the addition of levels where 
the sequence of use is definitely estab- 
lished. This. type is best exemplified 
by considering a long wing tank where 
the dihedral angle makes it necessary to 
have more than one transmitter in the 
tank to obtain complete coverage of, the 
fuel contents. Figure 1 shows such an 
‘arrangement. With the fuel outlet as 


shown, transmitter 2 must function first. 


In other words, the sequence of operation 
is fixed so that the operation of trans- 
mitter 2 is always followed by that of 
transmitter 1 as fuel is withdrawn from 
the tank. 

The second category covers the totali- 
zation of several liquid levels in different 
tanks where the sequence of use is not 
established, but where single indication 
of the total fuel is desired. For the three 
separate tanks each with its transmitter, 
shown in Figure 2, the sequence of use of 
the fuel in the three tanks may vary 
widely. Such variations may be caused 
‘by the puncture of one or more tanks by 
gunfire, by the necessity of trimming the 
plane, or by other abnormal changes. 


Principle of Operation 


In order to explain the operation of the 
totalizing circuit it is desirable to show 
first the basic principles of a similar cir- 
euit when used in the conventional man- 
ner. Figure 3 shows a typical liquid-level 
transmitter now used in aircraft fuel 
tanks. The cork float at the end of the 
lever floats on the surface of the fuel. 
As this surface level changes the motion 


of the float is transformed through suit- 


able gearing and sealing mechanisms to 
a change in resistance of a potentiometer 
unit located in the head of the trans- 
mitter. 
Figure 4 shows schematically this po- 
tentiometer connected to the element of 
“the indicator on the instrument panel. 
This element has two coils, located 140 
degrees apart, one of which is connected 
directly across the battery through a 
series resistor. The current through this 
coil is constant except for changes in the 
line voltage. The other coil is shunted by 
the potentiometer in the transmitter. The 


Paper 44-148, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 20, 
1944: made available for printing May 20, 1944. 
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amount of shunting resistance, and hence 
the current in the indicator coil, is there- 
fore dependent upon the position of the 
transmitter © float and varies with the 
liquid level. 

The vector diagram of Figure 5 further 


illustrates the principle of operation. — 


The permanent-magnet rotor to which 
the indicator pointer is attached aligns 
itself with the resultant vector, a vector 
obtained by the addition of the constant- 
current-coil flux and the variable-current- 
coil flux. The general design of this in- 
dicator is similar to one described in an 


earlier paper,! except it has been made up 


in a ratio-instrument? form for this appli- 
cation. 


Sequence Totalizing 


In a simple two-transmitter-sequence 
totalizing circuit the variable-current 
coil of Figure 4 is double wound. Each 
section of this double winding is con- 
nected to a transmitter as shown sche- 
matically in Figure 6. The flux from the 
variable-current coil is the sum of the 
fluxes produced by the currents flowing 
in the two parts of the double-wound 
coil. The conditions of the system de- 
scribed in Figures 4 and 5 are duplicated. 


443-4 


TRANSMITTER 2 
ee ect & 1 


Figure 1. Installation showing necessity of 
two transmitters to obtain complete -fuel 
coverage 


Only one value of resultant flux is pos- 
sible for any tank content; therefore, the 
indicator reads the correct fuel quantity. 


The indicator-scale distribution is estab-. 


lished by the shape of the tank and the 
values of the circuit resistances. 


Nonsequence Totalizing 


Since the indicator must show correct 
readings regardless of how the fuel is 
distributed in the tanks being totalized, 
the nonsequence-totalizing system pre- 
sents a different problem from the se- 
quence-totalizing system just described. 
As in the case of sequence totalizing, 
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of gallons versus float angle. 


there is a separate winding on the vari- 
able coil in the indicator for each trans- 
mitter used. In order to make the indi- 
cation of the total fuel quantity inde- 
pendent of the sequence of consumption, 
the increment of flux and ampere turns 
per gallon of fuel associated with each 
winding of the variable coil must be con- 
stant and of the same value for all tanks. 
The total ampere turns produced by the 
variable coil can then be represented by 


the equation: 
# 


NI=Ani(git+g2+g3+ ....)! (1) 


where NI is the total ampere turns pro- 
duced by the variable coil, Ant is the 
increment of ampere turns per gallon, 
and gi, ge, and gs, are the gallons present 
in tanks 1, 2, and 3, respectively. In 
order to obtain the condition shown by 
this equation consideration must be 


given to: 


1. The shape of the tanks. 
2. The dimensions of the transmitters. 
3. The electrical circuit. 
The simplest tanks to totalize would be 
those having a straight line as the plot 


However, 
it is impractical to meet this condition 


= ~, xe 
“—__ FUEL OUTLETS” 


TANK 1 TANK 2 TANK 3 


Figure 2. Installations in three different tanks 
with total fuel in all tanks to be indicated on a 
single dial — 


and the nearest practical approach is a 
tank with uniform cross section at all 
liquid levels. With a tank of this con-_ 
struction it.can readily be shown that: 


*=L(1—cos 6) (2) 


where x is the depth of the liquid, L is the 
length of the float lever, and @ is the angle 
formed by the float lever and a perpen- 
dicular to the liquid level. This equation 
is shown graphically in Figure 7. For 
uniform-cross-section tanks, the dimen- 
sions of the transmitters can be designed 
so that @ is kept between 60 degrees and 
120 degrees to utilize the portion of the 
curve which is almost a straight line. Al- 


‘though a constant cross section is not 


always obtainable, it is often possible to 
vary the transmitter dimensions in order _ 
to utilize the curve of Figure 7 in such a 
manner as to compensate for the shape 
of the tank. Control over the character- 
istics of the electrical circuit can be ob- 
tained by introducing corrective resist- 
ance values R;, Rs, R3, and Ry into the 
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Figure 3. A typical liquid-level transmitter 


proper parts of the circuit 'as shown in 
Figure 6. These resistances also provide 


an additional means of compensating for | 


the nonlinear relation between, gallons 
and float angle which may exist even 


_ when the optimum dimensions of the 


transmitter have been selected. 
For example, consider a single section of 


the dual-wound ‘coil and its accompany- 


ing transmitter potentiometer in Figure 6, 
where R, represents the variable-coil- 
circuit resistance; Rr, and Rp, the trans- 
mitter potentiometer resistances. Rp, and 
Ry, always add to give Rr the total po- 
tentiometer resistance. The total am- 
pere turns necessary to operate the indi- 
cator element are known from its design 
when used in the conventional manner. 
The maximum ampere turns are contrib- 


‘uted by any one tank when that tank 


is full. . The ratio of these maximum am- 
pere turns to the total maximum ampere 
turns is equal to the ratio of the tank 
capacity to the capacity of all the tanks 
being totalized. The maximum ampere 
turns occur when £1, go, and g; of equation 


1 are equal to the capacities of tanks 1, 


2, and 3, respectively. 
To insure uniformity of aioe 
of the sections of the multiwound coil, 


_ the individual windings are all wound ina 


Table |. Variations in Indication With 
Changes in Use Sequence 
Average Indicated Gallons With 


Total Fuel, Seven Various Sequences of Use 
Smlons ie ant BC De BS Eo 4G 


np Os wiciere Ge i OwerO. 0.7 Oe, 2 022040 
LOO. Sats 100..110.. 98.. 92.. 94.. 98.. 90 


200... 200. .208..206..198..198. .192. .198 
300..... 300. .294. .308..298. .298. .288. ,288 
SOS 40 400. .386..410. .400. .400. .386 
500%..5- 500. .500. .500. .500. .500. .500 


Sequence of use A—As calibrated. 
~ Sequence of use B—Tanks 1, 2, and 3 simultane- 


_ously. 


Sequence of use C—Tank 2, tank 1, tank 3. 
Sequence of use D—Tank 1, tank 2, tank 3. 
Sequence of use E—Tank 1, tank 3, tank 2. 

. Sequence of use F—60 per cent tank 2, 60 per 
cent tank 1, 100 per cent tank 3, 40 per cent tank 1, 
40 per cent tank 2. 

Sequence of use G—60 per cent tank 1, 60 per cent 
tank 3, 60 per cent tank 2, 


Tank 1 contents—200 gallons. 
Tank 2 contents—100 gallons. 
Tank 3 contents—200 gallons. 
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POINTER 


MAGNETIC SHIELD 
/ POLARIZED ROTOR 
EMPTY ADJUSTMENT . 
/FLOAT-DRIVEN BRUSH 
FULL ADJUSTMENT 
CONSTANT- = 
CURRENT Coil —# 
24 VOLTS 


SERIES RESISTOR 
VARIABLE-CURRENT COIL. 


Figure 4. Schematic cut-away view of indi- 
cator and transmitter 


RESULTANT VECTORS FOR THE 
3 DIFFERENT TRANSMITTER 
FLOAT DRIVEN BRUSH-POSITIONS. 


A 


CONSTANT CURRENT 
COIL FLUX VECTOR A 


VARIABLE CURRENT COIL FLUX VECTORS _ 
D, B, AND C FOR 3 DIFFERENT TRANS— % 
MITTER FLOAT DRIVEN BRUSH POSITIONS. 


Figure 5. Vector diagram of fluxes for three 
currents in the variable coil 


yt 


CONSTANT 
in CURRENT COIL 


+V 


DOUBLE wo 
VARIABLE 
CURRENT COL 


_ EMPTYA 
ADJUSTMENT 


TRANSMITTER 
NO. 1 


NO.2 


Figure 6. Schefatte diagram of a two- 
transmitter totalizing system 


FLOAT LEVER ANGLE © 


19] : 
0” 24 4 56°" 8 710 Sie" 14. 16 
DEPTH OF LIQUID xX 


18 20 


Figure 7. Curve of depth of liquid versus 


float-lever angle for a tank of constant cross- 
sectional area 


x=L(1— cos 6); L=10 


é 


single operation keeping the several wires 


as closely together as possible. Each 
winding of the coil then has the same 
number of turns. 

To meet the conditions of equation 1 it 


is necessary to vary R,, Rr, and R, so 


that the curve of the current in the coil 
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‘curve, an intermediate curve of the 


~The amount of current in the a 


line. Since in bbanttes this steaig 
cannot often be attained, the close 
possible compromise must be used. 
To plot this current-versus- 


calibration must be used. The cali 
tion curve shows the liquid level in the 
tanks versus gallons. This liquid 1 
in turn is translated into angular m 
ment of the float lever and finally 
values of per cent Rp where 


Per cent Rp=(Rr/Rr)100 | 


7 


¥ 


indicator coil for various liquid lev vels 
can then be readily calculated by solving 
the simple circuits of Figure 6, and the 
resistance values determined to give - 
closest approximation to a straight-line 
relationship between current in the vari- 
able coil and gallons in the tank. Simi 
lar curves must then be obtained for ‘ 
other tanks. 

When the values of Ri, Rr, and Rear 
chosen for one of the tanks the calcula: 
tions for the remaining tanks become 
simple, providing the tanks are the same 
shape. When this is true the values o! 
Ri, Rr, and R, are multiplied by a suit 
able constant proportional to the content: 
of the tank being considered in relatior 
to the total contents of the system. I 
the other tanks are of different shapes, the 
values of R,, Rr, and R, must be deter. 
mined for each by the same process usec 
on the first tank, so that for each tank the 
curve of current versus gallons is 
eee line of the same slope. © 4 

¥ 
Acieatian of Nonsequence 

Totalizing . 7 

Figure 8 is a vena of a total 
ing-indicator element used to read the 
- total fuel in three tanks. The variable 
current coil located beneath the magnet 


_ shield is triple wound. Manufacturing 
, difficulties in producing this multiwoun 


coil limit the number of windings anc 
hence the number of tanks which can bi 
totalized with a given-size element 
Hee 2 9 shows the ee instrumen 


Figure 8. A three- 
transmitter totalizing 
indicator element — 


Figure 9. A three- 
transmitter totalizing @& 
indicator using ele- @ 

ment of Figure 8 
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Ring Gosies for Generating and 


Transmission Stations 
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gN fecent years, the Commonwealth 

Edison Company has adopted bus 
layouts for generating stations and trans- 
mission terminals which differ greatly 
from those installed in its older stations. 
The purpose of this paper is to describe 
these developments and to disctss the 
application of the ring-bus principle to 
high-voltage installations. It appears to 
be an appropriate time to review the char- 
acteristics of various bus layouts in view 
of possible postwar expansion and ‘re- 
habilitation of existing stations. 

The basic problem in determining the 
most desirable bus layout is to obtain 
reliability, flexibility, and adequate relay 
protection, at a reasonable cost, In the 
earlier period of development of bus lay- 
outs in large metropolitan stations, the 
most important of the above factors was 


Paper 44-116, recommended by the AIEE com- 
mittees on power transmission and distribution and 
power generation for presentation at the AIEE 
stuummer technical meeting, St. Louis, Mo., June 26— 
30, 1944. Manuscript submitted April 10, 1944; 
made available for printing May 16,1944. - 


E. L. Micuetson and J. P. GaassiIni are in the 


system planning division, engineering department, 
Commonwealth Edison Company, Chicago, Til. 


The authors wish to thank those associates in the 
Commonwealth Edison Company who have 
furnished valuable information and criticism i in the 
ee eparation of the paper. 


distribution is inherently open at the 
lower end and closed at the upper end. 
This arrangement gives better instru- 


ment readability for the smaller fuel 


quantities which are the most important. 

Since it is impossible to obtain the 
exact requirements of equation 1, indi- 
cations of a given fuel quantity vary 
slightly with the distribution of the fuel 
in the tanks as determined by the se- 
quence of use. The indicator is calibrated 
with the fuel distributed in the tanks in 
the manner determined by the normal 
or average sequence of use. Table I 
shows how the indication of 100, 200, 
300, 400, and 500 gallons varies with se- 
quence of use for the instrument of Figure 
9, The contents of the three tanks being 
totalized, and seven different sequences 
of use are shown in the table. 


Advantages of Totalizing System 


_ The totalizing systems discussed have 
several advantages over the series opera- 
tion of two or more transmitters often 
used to accomplish the same results. For 
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reliability of scare It was found that 
a duplicate power supply for all trans- 
mission lines emanating from the generat- 
ing station was essential for reliable serv- 


ice. However, as methods of station 


construction improved and advances 
were made in the development and design 
of station equipment and bus-protection 
schemes, the requirements for bus lay- 
outs int generating, distributing, and 
transmission stations have also changed. 
In addition, operating experience has 
indicated certain desirable features which 
should be incorporated in bus layouts. 
This paper will show how the bus ar- 
rangements used in the Commonwealth 
Edison system have been changing 
through a period of years to take advan- 
tage of improved equipment and experi- 
ence in the operation of the system. 


12-Kv Busses 


DESCRIPTION OF Bus LAYOUTS 


The conventional type of double-bus 
atrangement, which was used in the Com- 


-monwealth Edison Company up to 1936, 


is illustrated in Figure 1A. In this ar- 
rangement, there are two sets of main 
busses, each set consisting of several 
sections separated by section tie breakers. 


t ’ 
sequence totalizing one commonly used 
" system employs two or more transmitter 
‘potentiometers connected in series so 


that only one is in the circuit at a time. 
In order to avoid open circuits at the 
change-over points, the adjustment and 
installation of such  series-connected 
transmitters is critical, since the point 
where one ceases operation and the other 
starts must be controlled within close 
limits. Stops are often attached to the 
transmitter properly to locate these 
change-over points. These are not neces- 
sary with the totalizing method de- 


_ scribed above since the top and bottom 


of the tank can be used as stops. 

Series connection of the transmitters 
has been used for nonsequence as well as 
sequence totalizing. In either case an 
open circuit of one of the units causes 
failure of the whole indicating system. 


In the totalizing method described, how- 


ever, the rest of the units operate in their 
normal manner, even when one of the 
transmitters is removed from the circuit. 

Moreover, the series-connection method 
does not readily permit the adjust- 
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‘going lines. 


The generators, high-voltage trans- 
formers, and line busses which feed the 
outgoing lines are so arranged that they 
may be connected to either or both sets 
of main busses. The substations sup- 
plied by the outgoing lines have a multi- 
plicity of supply lines so selected that 
the outage of one line bus does not result 
in loss of load. The number of lines 
connected to each line bus has varied; 
earlier stations have three lines per line 
bus, while later stations have four lines 
per fae bus. 

Several variations in this conventional 


‘bus have been used. At one station the 


two sets of main busses are connected 
through two reactor ties as shown in 
Figure 1B. The purpose of these re- 
actors is to reduce short-circuit currents 
with the two main busses operating in 
parallel.. In this station, some of the 
generators, transformers, and line busses 
are operated closed to one of the two main 
busses, and the remainder to the other 
main bus. 


In another case, aoe were ised ' 
between the main bus sections as shown on ~ 
Figure 1C. The advantage of this ar-— 


rangement over Figure 1B is that it per- 
mits parallel operation of the two main 
busses with opposite bus sections solidly 
tied, and yet provides a reduction in 
short-circuit current. However, these re- 


actors create a disadvantageous situation 


with respect to power flow on the out- 
These lines operate in paral- 
lel at the substation end, with the result 
that any phase-angle displacement at 


the generating busses results in undesir- 


able circulating currents. 
At one station the simplification 
shown on Figure 1D was used. In this 


ment of circuit resistances to compensate 
for variations in tank shapes, as has been ~ 


described, and is therefore more limited 
in application. 


Conclusion 


To date the application of the totaliz- 
ing system has been limited to three 
transmitters per installation. While the 
use of these methods for a larger number 
of transmitters and tanks would tend to 
complicate the equipment and would 
require somewhat larger indicator ele- 
ments, such applications are entirely 
practical. Industrial liquid-level-measur- 
ing applications are inferred, in addition 
to the indication of aircraft fuel supply 
for which these systems were developed. 
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TO HIGH VOLTAGE BUS 


GENERATOR 


MAIN BUS 3 


MAIN BUS 4 


Figure 1. 


yomansuss generating and dis- 
tributing stations 
Only operating dis- 
connecting switches 
shown in diagrams 


7 TO MAIN BUS G 


(A) FUNDAMENTAL DOUBLE MAIN BUS LAYOUT 


' MAIN BUS 
0 a 


MAIN BUS 


REACTOR SHORT-CIRCUITING 
BREAKER NORMALLY OPEN 


L_} L_} 
MAIN BUS MAIN BUS 


(c) 
DOUBLE MAIN'BUS WITH 
REACTOR TIES BETWEEN 
BUS SECTIONS 


(8) 
DOUBLE MAIN BUS WITH 
END REACTORS 


layout, the line busses are directly con- 
nected to only one main bus and each 
pair of adjacent line busses are tied 
through a group breaker. This scheme 


reduces the number of group breakers 


required for a pair of line busses by 25 
per cent. Because of the method of 


operation used, the loss of flexibility 


entailed by the use of this scheme is of 
negligible importance. However, this 
arrangement required a larger group 
breaker, inasmuch as a group breaker 
may be required to supply two line 
busses. 

In the early 1930’s, a new distributing 
station was planned to receive power 
from the 66,000-volt transmission system 
for distribution at 12,000 volts. This 
station was to be built for an ultimate 
of 80 12,000-volt lines. At the time, 


operating experience with the conven-_ 


;tional double-bus arrangement of Figure 
1 was reviewed, and it was found that 
the number of bus outages was so low 
that the duplication of busses was not 


_justified. This study resulted in the 
adoption of the bus layout shown in 


Figure 2. Two rings are used in this 
layout because of the sectionalized operat- 
ing of the 12-kv system, This method of 
operation is described. in another Pane of 
the paper. 

This new type of bus layout is funda- 
mentally a ring bus in which the dis- 
tribution lines are connected directly to 
the main ring. In this \way, the main 
busses used in the conventional double 
bus are eliminated. The use of this plan 
results in the elimination of a great deal of 
bus equipment and approximately 40 
per cent of the number of breakers re- 
quired other than line breakers. In this 
station five outgoing lines are connected 
to each bus section, compared to a maxi- 
mui of four lines per line bus in the older 
stations. One disadvantage of this bus 
arrangement is that the supply trans- 
formers are connected to the same bus 
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MAIN BUS. 


MAIN! BUS , 


eatD)ie , 
METHOD OF REDUCING 
NUMBER OF GROUP d > 
BREAKERS BY 25% 


TO HIGH-VOLTAGE BUS 


To HIGH-VOLTAGE BUS 


Figure 2. 12-kv ring-bus layout with one 
breaker between bus sections 


Bus sections may be added by cutting ring at. 
points indicated and extending the main rings 


as the lines, whereas in the double bus 
the transformers are connected to the 
main busses while the lines are con- 
nected to the line busses. The ring bus 
has an advantage over the straight bus 


with respect to the concentration of cur- 


rent in the bus. With the ring bus, there 


isa more equal distribution of the current 


due to the fact that the supply current can 


' flow in two directions to the load. 


The operating experience with the lay- 
out of Figure 2 proved to be satisfactory 
except for one situation which is inherent 


in all bus schemes which have only one | 


tie breaker between bus sections. With 
this type of bus separation, trouble in a 


‘bus section breaker can cause an outage 


of two bus sections, thus interrupting a 
sizable proportion of the entire station. 


Although such an occurrence is extremely ' 


rare, it would be advantageous from a 
system point of view, if any one case of 
trouble would cause ‘the outage of only 
one bus section, This improvement was 
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\ 


Double- — 


main-bus layouts for | 


‘systems. 


occurs. 


obtained in a later development shown it 
Figure 3 by using two breakers in ser 
between bus sections. The only essentie 
difference between Figures 2 and 3 is it 
the connection between bus sections. 


OPERATION OF 12-Kv BUSSES 


The design of a fundamental bu 


layout is closely related to the metho 


of operating the system. In the Chicage 
system, the principle of. sectionalizatior 
has been one of the corner stones of . 
liable power supply. With this type of 


operation any one case of trouble is c 


fined to approximately one-half of the 
system. All generating stations ane 


_ transmission terminals are divided int 


two parts, known as the red and bh 

At some stations, the two a 
tems are normally operated completels 
separated from each other. At othe 
stations, the red and blue systems ar 
normally operated in parallel, but auto 


- matic sectionalization takes place when 
ever a heavy fault occurs on either sys 


tem. This automatic sectionalization 
which is accomplished by relay action 
separates the station into two parts with 
out causing the outage of any lines ° 
equipment. The method of operating : 
particular station depends on the magni 
tude of short-circuit currents and th 
balance between the load and capacity 
It would be desirable to operate section 
alized at all stations, but in some location 
it is not economical to provide sufficien 
equipment to make possible this metho 
of operation. . 
The ring bus is well adapted to the typ 
of sectionalized operation used in Chicago 
In the bus layouts shown in Figures | 
and 3, two rings are used, one ring con 
stituting the red system and the othe 
the blue system. An important advan 
tage of the ring bus is that it can operat 
sectionalized even though a bus outag 
In the double-bus layout, Figur 
1A, a main bus outage causes the loss ¢ 
a considerable amount of equipment, wit 
the result that when such an outag 


occurs the red and blue systems must b 


operated solidly tied, and without aute 
matic sectionalization, 


Various methods are provided for th 


‘normal operation of the two rings. I 


the diagram of Figure 2, the two rings ca 
be paralleled directly, through reactor: 
or operated completely separated. I 
the diagram of Figure 3, the rings ma 
be tied through reactors, or tied solidl 
through connections to an adjacent sté 
tion. There is also a tie between th 
rings through the two windings of th 
supply transformer; however, this ti 
is of relatively high reactance and rej 
resents a weak link between the sy: 
tems. The two-winding generator show 
constitutes a relatively heavy tie betwee 
the systems. Automatic | sectionaliz: 
tion is provided to disconnect this gener: 
tor from the system in trouble. Tt 
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Figure 3. 12-kv ring-bus layout with two 
breakers in series between bus sections 


method of operation actually used at 
these stations will depend on the magni- 
tude of fault currents and on the balance 
between load and capacity as previously 
mentioned. 


Bus PROTECTION 


Although relay seteeton of station 
busses greatly improves reliability, in the 
earlier Chicago stations no bus protection 
was used, The current transformers then 
available were considered to be too haz- 
ardous from an insulation viewpoint to 
be installed in station busses. Also, the 


GENERATOR GENERATOR 


GENERATOR 


@ BREAKER NORMALLY OPEN 


electrical performance of these trans- 
formers and the types of relays available 
were not sufficiently good to make pos- 
sible a reliable relaying system. On the 
other hand, because of the methods of 
construction used bus faults were con- 
sidered to be too infrequent to justify 
the added risk incurred by the use of the 
protective equipment then available. 
This combination of circumstances re- 
sulted‘in all the earlier stations in Chicago 
being installed without bus protection. 
In the early 1920's, the isolated-phase 
method of construction was developed 
and used for all station projects. This 
method of station construction makes 
possible a very simple and reliable type 
of bus protection known as the fault 
bus.! The operating record of this type 
of bus protection has been very satis- 
factory, inasmuch as all primary faults 
have been cleared correctly and quickly. 
In the past ten years, there have been 
12 primary failures on the 66-kv and 12- 
ky busses at generating stations due to 
insulator and bushing failures and sys- 
tem operating errors, and these have all 
been cleared by the fault bus with a 
‘minimum of damage and disturbance 
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SERVICE 
SWITCH 


TO HIGH 
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TO GROUNDING 
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to the system. In addition to these cor- 
rect operations, there have been five un- 
necessary operations caused by low- 
voltage d-c and a-c circuits coming in 
contact with the fault bus. Some of the 
operations have been due to-the failure of 
low-voltage circuits, and others to the 
improper use of the fault bus by personnel. 
An example of the latter case is the use of 
fault bus for grounding welders. These 
incorrect operations can be reduced to a 
minimum by using induction relays to 
prevent operation due to direct current, 
and by taking precaution to eliminate 


- incorrect use of the fault bus by per- 


sonnel, 
An interesting point in epnaredee with 
fault-bus protection is its application to 


Figure 4 (left). 292- 


tib-@ 


GENERATOR © 


say 


LINE 


Figure 5 (right). Bus 
layouts used in the 
early development of 
_ the 66-kyv system 


A—Main-bus sections 


RED SYSTEM 


tied through one 
breaker 

B—Main-bus sections 

tied through two 


breakers in series 
RED SYSTEM 


the ring bus shown on Figure 2. Ifa fault 
occurs on a bus section breaker, the fault 
bus will instantly disconnect one of the 
busses to which the section breaker is 
connected. If this operation does not 
clear the fault, the other bus section 
connected to the breaker is cleared. 
In this manner, a fault on a section breaker 
may or may not interrupt two bus sec- 
tions. The possibility of tripping two 
bus sections for one case of trouble can 
be eliminated by using two bus section 
breakers in series as shown in Figure 3. 
As discussed previously, this undesirable 
situation also exists in the double-bus 
layout. | 
While . earlier stations were installed 
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used. 


kv ring-bus layout _ 

with provisions for 

connecting any unit 
to either ring 


TO HIGH 

VOLTAGE BUS © 
SERVICE 
SWITCH 


1 
ADJACENT STATION 
BLUE SYSTEM 

without bus protection, serious bus fail- 
ures experienced by other companies, » 
together with the development of im- 
proved current transformers and relays, 
have led to the addition of bus protection 
to these earlier busses. Conventional 
methods of bus differential relaying using 
induction overcurrent relays have been 
In one special case, impedance 
relays have been installed for bus pro- 
tection. Up to the present time there 
have been no automatic operations of the 
bus differential or impedance relay 
schemes. ; 


22-Kv Busses — 


The first type of ring bus used in the 
Chicago area is shown in Figure 4. This 
bus was installed in a bulk power generat- 
ing station operating at 22 kv. A de-— 
tailed discussion of this type of ring-bus 


NORMALLY OPEN 46S 


LINE LINE 


EMERGENCY 


(A) 


BLUE SYSTEM 


a ee 
BLUE SYSTEM 


EMERGENCY BUS 

(8) 
layout, which is also used at State Line 
station, has been published in a previous 
paper.? 

This bus is a double ring in which each 
generator winding and transformer has 
connections to, both rings. The bus sec- 

‘tions of each ring are separated by a 
breaker and reactor in series with pro- 
visions to short-circuit the reactor by a 
second breaker. Experience has indi- 
cated that sufficient operating flexibility 
and reliability can be obtained with 
fewer breakers than the number shown — 
in Figure 4. 

The 22-kv ring busses are oil-filled 
metal-clad structures which are pro- 
tected by a fault-bus system. An impor- 
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yi 


tant limitation of the arrangement used is 
that a bus ‘section on one ring is part of 
the same steel structure as the similarly 
located bus section on the other ring, with 


the result that the fault-bus system can- 


not determine which of the two busses is 
faulted. This condition limits the re- 
liability and, therefore, the flexibility of 
this type of double-ring bus. 


66-Kv Busses 


The transmission system within Chi- 


- cago is a 66-kv underground system which 


in effect is a cable bus running the full 
length of the city, 


NORMALLY OPENX, 


LINE 


0 
LINE 


RED SYSTEM BLUE SYSTEM 


NORMALLY OPEN 


_ Figure 6. 66-kv bus arrangement which com- 


bines the principles of the double-main-bus 
and ring-bus layouts 


\ 


sources of supply with load distribution 
centers.1 This cable bus is operated in 
two sections known as the red and blue 


' systems which correspond to the 12-kv 
The principle 
of isolated phase construction is used at 


red and blue systems. 


all the 66-kv terminals and applied to 
the transmission lines by the use of single- 
conductor cable. 

Figure 5A shows the fundamental 


‘station bus layout which was used in the 


first busses constructed for this system. 


_ This layout is a double-bus arrangement 


in which there is only one circuit breaker 
per line or transformer with disconnect 


switches provided to connect the unit to. 
either or both busses. 


During normal 
operating conditions the red and blue sys- 
tems are sectionalized, with all units on 
their respective systems being operated 
in parallel. In order to limit the extent 
of line and transformer outages caused 
by a bus fault, the red and blue busses 
were each split into sections by means of 
circuit breakers. These breakers were 
installed only on the main bus since the 
emergency busses were to be used only 
when a main bus section was out of 


"service. 


An important limitation in the opera- 
tion of this type of bus layout is that 
disconnect switches must be operated 
under load when it is desired to transfer 
units from one bus to another. Another 


_ disadvantage inherent in this type of 


layout is that a case of trouble on a 
bus section breaker interrupts a very 
large amount of capacity. As a result, 
the bus layout was rearranged to provide 
two breakers in series between bus sec- 
tions, as shown in Figure 5B. This 
principle is the same as is used to limit 
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interconnecting © 


the outage GE - a failure of a 12-kv 
bus section tie, 

In the development oie a new 66-kv 
terminal, which was part of the distribu- 
ting station mentioned in the dis- 
cussion of 12-kv busses, a radically differ- 
ent type of bus layout was adopted. This 


bus plan is shown in Figure 6 and is a 


combination of the double-bus arrange- 
ment and the ring-bus type of design. 
One advantage of this arrangement is 
that a station fault will result in the loss 
of a minimum number of units. For 
example, a bus fault necessitates the maxi- 
mum loss of only one unit; whereas the 
layout of Figure 5 will cause a loss of two 
or more units. Another advantage is the 
increased flexibility of operation; there 
are many more possible arrangements of 
the system with a layout of Figure 6 
as compared with Figure 5. Although 


4ilb-y 


LINE - 


Figure 7. An initial 

installation of the bus 

; arrangement shown in 
Figure 6 


additional line and transformer breakers 
are required to obtain this increased 


flexibility, the layout of Figure 6 reduces . 


the number of section tie breakers, so 
that the total remains Sper oxime. the 
same, 

One disadvantage of tie arrangement 
of Figure 6 is that it requires the opening 
of two breakers at each terminal to dis- 


connect a faulted line or transformer, but — 


this has not caused any trouble. As pre- 
viously mentioned, one disadvantage of 


the older type of bus layout was the fact — 
' that to transfer units from one bus to 


another without de-energizing, it is neces- 


sary to operate disconnect switches under 


load. With the new bus layout, this type 
of operation is unnecessary. 

In the bus layout of Figure 6, all 
breakers are operated closed except the 
bus section breakers separating the red 
and blue systems. The fault-bus sys- 
tem is used to protect the main busses, 
but the sections of bus to which the lines 
and transformers are connected are pro- 
tected by the line and transformer re- 
lays. This illustrates one of the basic 
principles of the ring bus; from the stand- 
point of protection there is no bus be- 
cause each section of the bus can be 
treated as a part of the unit to which it is 
connected. 

In a later devedapeneue the bus plan of 
Figure 6 was adopted as the ultimate 


diagram. However, in the initial step 


there are only two lines and one trans- 
former and the layout consists of the ring 
bus shown in Figure 7. 
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132-Kv Busses _ 


‘ate without a breaker. 


i i , & : ie tae | 
P } 


The high-voltage transmission sy 
outside Chicago consists primari 
oyerhead 132-kv lines. The principle 
group-phase construction is used almos 
entirely in the transmission termina 
of this system. A typical layout used for 
132-kv busses on this system is aa 
Figure 8. This arrangement is a doub 
bus with one circuit breaker per unit = 
disconnect switches to connect the li 
to either of the two busses. A bus ti 
breaker is provided with necessary co: 
nections so that it can be used sir 
a bus tie or as a unit breaker. This tyj 
of bus layout was designed primarily for 
parallel operation of the 132-kv lines. — 

At the present time, the 132-kv syste fn 

os 


is operated sectionalized for the purpc 


of limiting the effect of faults on 

stability of thesystem. With this methos 
of operation, the type of bus shows 
in Figure 8 lacks operating flexibility 
In order to take a breaker out of service 
either the bus tie breaker must be use¢ 
for line protection, or the line must oper 


LINE < 


LINE- 


TRANSFER BUS 
RED SYSTEM 


fae 8. Baliblesnaiebis layout. used fo 
‘ 132-kyv Sermirealy . 

| 
i the first case 
sectionalization cannot be maintained 
while in the second case no relay protec 
tion is provided for the line. ' 
Practically all the busses on the 132-k 
system were installed without bus protec 
tion. Operating experience has indicatec 
the desirability of providing bus protec 
tion at these terminals, inasmuch as ther 
has been an average of about one bu 
fault per year on nine 132-kv terminal 
of this system. These faults have beet 
due to operating errors in grounding liv 
busses, insulator and bushing flashover 
and conductors coming in contact witl 
each other due to insulator breakage 
Investigations have been made to deter 
mine the feasibility of applying bus pro 
tection to these terminals. It was foun 
that fault-bus protection could not b 
used because of the design of the stee 
structures, This study also indicate 
that the application of differential pra 
tection to these busses would be ee 
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. See + ” > “ ¥, 
complicated because the many combina- 
tions of system connections which are 
possible make it extremely difficult and 
costly to install a reliable and high-speed 
bus differential scheme that will satisfy 
all operating conditions. 
the difficulties involved in providing 
bus protection, most of these terminals 
are still operating without this type of 
protection. - 

Studies have been in progress recently 
which indicate that the principles of the 
ring bus could be advantageously applied 
to 132-kv terminals. One arrangement 
which has been studied is the single ring 
bus shown in Figure 9, which requires 
only one breaker for each line or trans- 
former. The principal difference be- 
tween this layout and that of Figure 6 
is that the latter uses a larger number 
of breakers which results in a higher de- 
gree of flexibility. In both types of lay- 
out, the bus sections are relayed as part 
of the line or transformer connected to 
that bus section. 

_ The most important advantage of the 
ring bus over the arrangement of Figure 


LINE 


LINE 


4b-F 


GLAZE- 
MELTING BUS 


LINE 


LINE 


Figure 9. Single ring bus which has been 
studied for application to high-voltage ter- 
minals where all units are normally paralleled 


8 is that bus protection is automatically 
provided. Also, a bus fault will affect 
system stability to a lesser degree if the 
ring bus is used, because as mentioned 
previously, the ring bus reduces to a 
minimum the number of units which 
must be disconnected for a bus fault. 


Another advantage of the ring bus is that" 


any breaker in the ring can be taken out 
of service for maintenance work without 
disrupting the operation of the remainder 


of the system. However, if a fault should . 


occur on a line or transformer while this 
maintenance work.is being done, there is 
a possibility of losing other units in addi- 
tion to the faulted unit. This character- 
istic of the ring bus is generally not of 
great importance during periods of light 
load when maintenance work is per- 
formed, but it does make the single ring 
unsuitable for use at terminals which 
are operated with the busses sectionalized. 
When a line’or transformer is to be out of 
service for a long period, the disconnects 


. 
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As a result of | 


on this particular unit can be opened and 


the ring re-established by Posing the 
breakers of this unit. 

An important problem arises in connec- 
tion with operating arrangements for the 
melting of glaze on transmission lines. 
In the Chicago area, glaze melting is ac- 
complished by isolating generators and 
transmission lines, and operating them 
with the transmission lines grounded 
and with reduced voltage on the genera- 
tors. With conventional bus arrange- 
ments such as Figure 8, glaze-melting 
procedures may be effected by using one 
bus for load-carrying purposes and the 
other bus for glaze-melting purposes. 
Obviously this could not be done with 
the ring bus, but the problem can be 
solved by providing a separate glaze- 
melting bus with disconnect switches at 


yw LINE 
NORMALLY 
OPEN 
LINE LINE 
BLUE RED: 
SYSTEM SYSTEM 


LINE 


LINE 


Figure 10. Double ring bus which has been 
studied for application to high-voltage ter- 
minals where sectionalized operation is used 


- each terminal for connecting lines to gi 


bus as shown in Figure 9. 


In the conventional type of bus, one set 


of potential transformers can be used to 
provide potential for metering and relay- 
ing. In.order to provide for all possible 
operating conditions with the ring bus, it 
would be necessary to use more than one 
set of potential transformers. 

Other arrangements of the ring bus 
have been studied. Figure 10 shows a 
double ring bus which requires one addi- 
tional circuit breaker in order to accom- 


-tmodate the same number of lines and 


transformers as in a single ring. An ad- 
vantage of the double ring bus is that a 
fault on one line does not break the ring. 
Also, this arrangement is desirable for 


those cases where the bus is to be oper- 


ated in two systems, one ring being used 
for each system, without requiring any 


more breakers than are used on the 


double bus arrangement of Figure 8. 
However, the double ring does not have 
the same degree of flexibility as the bus 
layouts of Figures 6 and 8 for trans- 
ferring units from one system to the 
other. 

The ring bus shown in Figure 11 has 
desirable features for application at 
bulk-power generating stations. 
tion to the advantages offered by the 
single ring bus previously mentioned, this 
layout reduces considerably the number 
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In addi- « 


of circuit breakers required without.much 
sacrifice in the reliability of the lines, 
since transformer faults are very rare com- 
pared with line faults. For the case 
shown, only six breakers are required, 
while the layout of Figure 9 would re- 
quire ten breakers. 

The most desirable type of bus layout 
fot any specific high-voltage installation 
depends primarily on the method of 
operating the system. At a terminal 
where all the units are to be normally 
operated in parallel the single ring (Figure 
9) is the most suitable. If the terminal 


LINES 


Fiibete 


TO GENERATOR BUSSES 


Figure 11. Single ring high-voltage bus 
which has been studied for application to 
. bulk-power-supply generating stations 


, 


is to be operated sectionalized in two 
parts with only a limited need for trans- 
ferring units from one system to the 
other, the double ring (Figure 10) is the 
logical choice. On the other hand, if 
maximum operating flexibility is required — 
the principle shown in the bus layout of 
Figure 6 should be adopted. 

This section of the paper has discussed. 
the advantages of applying the ring bus 
construction to new 132 kv structures. 
No attempt has been made in this paper 
to show the cost of rebuilding existing 


‘installations to incorporate the ring-bus 


design, or whether the cost of such re- 
building would be justified. 


Conclusion 


This paper has described the develop- 
ment of high-voltage bus layouts in the 
Commonwealth Edison Company. It 
has attempted to show that the char- 
acteristics of the ring bus provide various 
advantages from the standpoint of flexi- 
bility of operation, ease of providing 
protection, simplicity of maintenance, 
and economy in investment. 
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Interlamination Resistance 


JAMES P. BARTON 


_ ASSOCIATE AIEE 


N laminated-core structures for trans- 


formers and rotating machines the 


need for adequate interlamination resist- 


ance becomes more necessary as the core. 


structure increases in size. Where con- 
siderable pressures are exerted on the core 
laminations, a safe value of interlamina- 
tion resistance must be maintained to 
prevent the stray losses in the core from 
_ becoming excessive. A method for deter- 
mination of the minimum interlamination 
_ resistance required in terms of the core 
rand its operating conditions, for any de- 
_ gree of permissible stray loss, is developed 
‘herein, resulting in a simple equation. 

A short paper on this subject was pre- 
pared during the latter part of 1943, and 
encouraging comments on it led to the 
writing of this paper. It is recognized 
that this problem undoubtedly has been 
investigated or considered frequently, 
privately or otherwise, since the advent of 
the laminated core. Inrecent years, how- 


ever, it has been the author’s conviction 


that a more complete understanding 
~ should be had of the major factors in- 
fluencing stray losses in the core. Al- 
though the consideration of the problem 
is not so rigorous as it could be, it is be- 
lieved that, for designers of core struc- 
‘tures, the resulting equations provide 


adequate protection in determining the 


minimum interlamination. resistance re- 
' quired. 

Figure 1 shows a section of a rectangu- 
lar core of width W and height of lami- 
nation stack aW. The flux density and 
interlamination resistance are assumed to 
be uniform throughout the core structure, 
and the electrical resistance of the silicon 
steel of the laminations is negligible when 
compared with interlamination resistance. 
For analysis the core is divided by a neu- 
tral plane into two equal parts, each W/2 
wide. 

The voltage causing the stray-loss cur- 
rents to flow is perpendicular to the lami- 
nations, and its value is a function of the 
lamination width. Consider an element 
dx in width, one centimeter in height, 
and aW long, having a resistance R, with 
the voltage causing the stray loss to be 
applied over the element lengthaW. The 
position of the element is x distant from 

the neutral plane of the core, and the core 
area enclosed becomes xaW. The result- 
ing voltage due to the flux through this 
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- centimeters. 


area will be that for one turn and will be 
concentrated across the element length 
aW. This can be stated as: 


E 4A44fBaWKx 


V 108 volts per turn (1) 


where. 


f=frequency in cycles per second 

B=flux density in kilogausses 

a=ratio of height of stack to lamination 
width ! 

W =lamination width in centimeters 

K =space factor 

x=distance of element from center of core 
in centimeters 


The loss in the element due to the voltage 
of equation 1 is Z?/R watts, with — 


Los (4.44fBaW Kx)? 


RE Riow watts (2) 


The total stray loss for the laminated-core 


_ width «=0 tox=W/2 is: 


4.44fBaWK)2 [{W/? 
Total watts AEE EO x?dx 
R10 9s 


_(4A4faKB)W* 4 (3) 
) 24R10% 


Let the resistance 


rae ohms (4) 


for the element having a cross section of 
one centimeter square and aW long, with 
r being the interlamination resistance in 
ohms per square centimeter per lamina- 
tion and ¢ the lamination thickness in 
The weight of the core for 
the total stray loss of equation 3 is 


0.5aW*dK/453.6 pounds, where d is the — 


density of the core material in grams per 
cubic centimeter. Substitution for R in 


Section of laminated core 


Figure 1. 


Barton—Interlamination Resistance 


Counters 3 atid divicol by the weight 
- the core involved gives the average st 


Pound. = 


To= 


resistance t; 


=e 
en 


loss in watts per pound: ~ 


Watts L221 BW *Kts : 


rd10® ret? : 4 
with W, and t, being expressed now 
inches. With Pin watts per pound for t 
core material at flux density B and fr 
quency f, the ratio of the stray loss to cor 
loss, stated as a percentage, %, becom 


1.2211 f2B?Wa2Kta an ; 

)* Se ae 
rdP10 > ae 

a 

and if we solve for the interlamination Lr 
sistance r, : q 
1.2211f?B2W,?Kt “a 
er MLR ET 


%dP104 
centimeter per lamination ic 


It should be observed that the interlam 
nation resistance r varies as the square ¢ 
the frequency, the flux density, and th 
lamination width. 4 

‘Further analysis shows, however, the 
the maximum stray-loss voltage occurs a 
the lamination edge of the core whe 
x=W/2. From equations 2 and 4, wit 
x= W/2, the stray loss in watts in the ele 
ment, having one side as the side of 4 


core, is: 
‘Maximum stray watts © <a | 
4r10" a 


The weight of the element one centimete 
square is aWKd/453.6 pounds, and t 

maximum stray loss in watts per poun 
becomes: | a 


Watts _3.6633f°B Wi Kt, Ss 
Pound — rd10® 1 
with W, and t, expressedininches. : 


With P in watts per pound for the cor 
loss at B and f, the ratio of the maximut 
stray loss to core loss, stated as a ee 


centage, %, is ~ + ' 
_3.6633f°B°WitKty a 
dP 108 a 


and, if we solve for the interlaminatio 


_3.6633f°B*Wa*Kty 
%dP104 — 
centimeter per lamination — (9 


ohms per square 


a ey: 


If equations 9a and 6a are compared, ; 
will be observed that, with all factors th 
same, including the percentage, the intel 
lamination resistance as calculated frot 
equation 9a is three times the value o q 
tained from equation 6a. But ‘as 
voltage causing the stray loss is maximut 
at the lamination edge of the core, tt 
interlamination resistance should be ca 
culated for this condition (equation 9% 
rather than for the average stray lo 
(equation 6a). Furthermore, the max 

. 
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sdge condition is an important factor, 
that is, degree of burring and edge dis. 
tortion which must be controlled to pre- 
vent low interlamination resistance. 

If, for instance, in using equation 9a it 
is assumed that the per cent maximum 
stray loss to core loss at the lamination 
edge is nine per cent and the value of 7 is 
determined, then the per cent average 
stray loss to core loss becomes one third 
or three per cent. This is another way of 
showing the desirability of using equation 
9a rather than equation 6a. 

The interlamination resistance r is the 
average value in ohms per square centi- 
meter of lamination and is the sum of all 
factors affecting its value. Not only does 
it include the resistance of the core-plat- 
ing and surface oxides, but it also reflects 
the condition of the lamination surface 
and edges, stray metallic particles on the 
surface that may short-circuit adjacent 
laminations, and so forth. Furthermore 
and of major importance, it is the resist- 
ance that must be in effect at the pressure 
applied to the core and the temperature 
at which the core operates to assure the 
percentage of stray loss to be within the 
value chosen. © 

In applying each 9a, the relation of 
B?* to P should be examined. Anexamina- 
tion of several commercial grades of silicon 
steel, as used for the laminations in rotat- 
ing machines and transformers, in the flux 
density range of 8 to 15 kilogausses, shows 
that the ratio of B? to P can be considered 
a constant within an error of about plus or 
minus five per cent. This ratio states 
that the core loss varies as the square of 
the flux density, and for practical purposes 
the error involved is negligible in. this 
application, This ratio also can be con- 
sidered as a figure of merit for the steel 


core loss, for a given thickness. 

If B?/P=C (a constant) is considered 
for the grade and thickness of the core 
steel used, the number of design curves 
that need be prepared for ready reference 
is simplified and reduced. Such curves 
can be drawn with the lamination width 
(W) as the independent variable, the 
interlamination resistance (r) as the 
dependent variable, with various values of 
the ratio of stray loss to core loss in per 
cent (%) as the parameter. The thick- 
ess (#), frequency (f), density (d), and 
space factor (K) are usually the same for 
many designs, with the first two, (é) and 
(f), ' usually not having more than two or 
three standard values. 

Figure 2 illustrates such a design curve, 
using a 29 gauge (0.014 inch) commercial 
grade of transformer 52 silicon-steel sheet, 
vith the core-loss-test specimen cut paral- 
el to the grain of rolling and annealed. 
This test condition simulates the lamina- 
jons in a transformer, and for this grade 
f steel C= B?/P=222, being the average 


ilogausses. With ¢=0.014 inch, f=60 
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mum voltage occurs where the lamination- ° 


AVERAGE INTERLAMINATION RESISTANCE 


used, as the greater its value the lower the | 


calculated 


ralue in the flux-density range of 8 to 15. 


N 
6 
S 


PER CENT STRAY LOSS TO CORE LOSS. 
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Figure 2. Variation of interlamination resist- 
ance with lamination width and per cent stray 
loss to core loss 

For the conditions: 
__ 3.6633 f2B2W,,?Kt, 0.50279 W,2 
At Or aPIGe Fat pepe 


ohms per square centimeter per lamination 


where | 
f=60 cycles elt 
_K=0.92 B2/P=999 
t, =0.014 inch 


cycles, d=7.5, K=0.92 and % having 
values of 0.1, 1.0, 10, 100, and 1,000, the 
curves of Figure 2 were obtained. Such 
curves clearly show the values of inter- 
lamination resistance necessary to control 
the stray loss, as well as those values that 
will allow excessive.stray loss with the 
danger of hot spots developing, further 
reducing the interlamination resistance 
progressively to the point where the core 
laminations may melt, causing eventual 
failure of the apparatus. Experience in 
applying these curves to such conditions 
just mentioned has substantiated the 
soundness of the analysis. 

In the case of large transformers where 


. the cores usually are bolted along the 


middle of the lamination, the pressure is 
maximum where the stray-loss voltage is 
minimum, with the pressure at the lamina- 
tion edges being lower than at the center. 
By calculating from equation 9a the re- 
sistance for the maximum voltage, this 
value becomes the minimum interlamina- 
tion resistance for the maximum pressure 
and operating temperature for the core, 
thus constituting the limiting and safe 
conditions. Whatever additional safety 
factor is desired can be multiplied by this 
interlamination resistance. 
The same considerations also apply to 
the cores of rotating machines. 
’ Tf the laminations on one side of the 
core are short-circuited together, the stray 
loss in the core increases four times as the 
voltage is doubled on the nonshort-cir- 
cuited side. Furthermore, if the inter- 
lamination resistance is broken down, be-: 
cause of the increased voltage, the stray 
losses will increase more than four times. 
In large symmetrical transformer cores 
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‘insulated coils and cores. 


_ maximum stray loss to core loss. 


bolted down the center of the laminations 
short-circuiting of the core by the bolts 
has no adverse effect, so long as the inter- 


lamination resistance is uniform through- 


out the core. For practical purposes, 
however, it is desirable to insulate all 
bolts in case of nonuniformity in the core 
structure, even though the ratio of total . 
stray loss to core loss of the assembled core 
is within the allowed value. 

The measurement of the interlamina- 
tion resistance of the finished laminations 
becomes most desirable as a means of © 


quality control in the manufacturer’s 


plant toward assuring a resistance greater 
than the calculated minimum. The meas- 
urement of this resistance should be made 


‘on the specimens subjected to the maxi- — 


mum pressure, the maximum temperature 
and the maximum voltage to be encoun- 
tered in the core. The rms_ voltage is 
given by equation 10, 


ve 1.4319fBaWw, 2K 


104 volts : (10) 


where W, is in inches. 
A standard test method in general use 


is that for measuring interlamination re- 


sistance, as given in the American Society 
for Testing Materials Standard Method 
A-34. The test specimien is composed of 
3x25-centimeter strips that can be proc- 


essed in the same manner as are the lami- 
nations. 


It is essential that, whatever 
specimen is used to measure the resistance, 
it should be prepared in the same manner 
as are the laminations, so that not only 
the surface of the specimen but also the 
edge effects are included in the measure- 
ment. 


_ The pressure can be applied readily, and 


' the heating of the specimen can he accom- 


plished by various methods. The testing 
at temperature is important, especially 
where core temperatures are higher than 
those heretofore considered normal, such 
as encountered in air-cooled inorganically 
While the or- 
ganic core-plate varnishes, when properly — 
applied and baked on the lamination, will 
withstand pressure and voltage at higher 
core temperatures, the same core plate 
improperly processed or cured may flow 
and not give the desired insulation to 
withstand the voltage and pressure. In- 
organic core plates are available, which 
will withstand lamination annealing tem- 
peratures and yield suitable values of 
interlamination resistance for large cores. 

In conclusion it may be said that an 
equation has been developed wherein the 
minimum interlamination resistance can 
be calculated for the maximum stray-loss 
voltage to be encountered in a uniform 
core structure for a given percentage of 
This 
value of resistance is that to be in effect 
at the temperature and pressures at 
which the core structure is to operate. 
The importance of quality control of inter- 
lamination resistance, especially in large 
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plugs and booster magneto. 


tacts. 
- ungrounded side of the primary winding 
are connected to a terminal on the mag- | 


Ignition Systems 


Battery Booster Coils for Airplane-Engine 


A.V. ALVINO 


NONMEMBER. AIEE 


HE use of battery booster coils and 
problems in connection therewith re- 


quires an understanding of engine igni- 


tion-system design and operation. Fig- 
ure 1 illustrates a complete ignition sys- 
tem consisting of ignition switch, two 
magnetos, radio-shielded harness, spark 
One mag- 
neto is illustrated completely assembled, 


and the other in skeleton form showing 
electric and magnetic circuits. 


The magneto primary winding is 


grounded at one end and connected to . 


the insulated breaker contact at the other 
end. <A capacitor, as in all vibrator sys- 
tems, is connected across the breaker con- 
The insulated breaker contact and 


neto housing. This terminal is connected 
to ground through the ignition switch. 


_ When 'the switch is in the ‘‘off” position, 
a direct path to ground is provided the 
Therefore, when the © 


primary current. 
breaker contacts open, the primary cur- 
rent is not interrupted, preventing induc- 
tion of high voltage in the secondary wind- 


Paper 44-121, recommended by the AIEE com- 


' mittee on air transportation for presentation at the 


AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
10, 1944; oe available for printing May 24, 
1944. , 


A. V. Atvino is in the clipge Pioneer division of 
Bendix Aviation Corporation, Teterboro, N. J. 
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transformers and rotating machines, is re- 
viewed, and test methods are indicated. 


Appendix 


Since the preparation of this paper, the © 


author’s attention was called to the paper 
by L. V. Bewley and Hillel Poritsky,! 
wherein a rigorous analysis is applied to 
stray losses in the core. Their equation 38, 
giving the stray loss in watts per centimeter 
of transformer core, was found to be the 
same as equation 5 given in this paper. As 
the transformation may be of interest, it is as 
follows: 


w= ey ie watts per centimeter of 
24\108/ b corelength (38) 


. where 


Ay= conductivity across the laminations 
w='2xf, with f in cycles per second 
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ing. When the switch is in the ‘‘on’’ posi- 
tion, primary current is interrupted by 
opening of breaker contacts inducing a 
high voltage in the secondary winding. 
One end of the secondary winding also is 
grounded; the other terminates at the 
high-voltage insert on the coil. Current 
in the high-voltage circuit is conducted 
to the central insert of the distributor 
fingers by means of a carbon brush, from 
there to the high-voltage segment of the 
distributor finger, and across a small air 
gap to the contacts of the distributor 


block. High-voltage cables in the dis- | 


tributor block then carry it to the spark 
plugs where the discharges occur. 

The distributor finger is secured to the 
large distributor gear which is driven by a 
smaller gear located on the drive shaft of 
the rotating magnet. The ratio between 
these two gears is always such that the 
distributor finger is driven at one-half 
engine crankshaft speed. This ratio in- 
sures proper distribution of the high- 


voltage current to the spark plugs in ac- — 


cordance with the firing order of the par- 
ticular engine. 

Practically all aircraft engines ; operate 
on the four-stroke-cycle principle. Con- 
sequently the number of sparks required 


for each complete revolution of the crank- . 


shaft is equal to one-half the number of 
cylinders. The number of sparks pro- 


duced by each revolution of the rotating 


magnet is equal to the number of its 
poles. 


Therefore, the ratio of speed at 


which the rotating magnet is driven 
that of the engine crankshaft is alwa 
half the number of cylinders on the engit 
divided by the number of poles on f 
rotating magnet. 
~Numbers on the distributer block d 
note magneto sparking order and do n 
represent the firing order of the engin 
Distributor-block position marked 1- mu 
be connected to cylinder 1, distributo 
block position 2 to the second cylinder 
fire, and so on. “si 
Sparks are not produced until thea z: 
ing magnet is turned at or above a sp .¢ 
fied number of revolutions per minute, ‘ 
which speed the rate of change of : 
linkages is sufficiently high to produce 
required primary current and resultat 
high-voltage output. The speed vari 
for different types of magnetos, the av 
age is 100 rpm, and the minimum | 
approximately 60 rpm. This is known 
the “‘coming-in speed”’ of the a 
Starting of airplane engines has alway 
provided a problem from the ignitio 


engineer’s point of view, and many idee 


have been introduced in an attempt 1 
provide ideal ignition conditions witho 
increasing the weight of the system. - 
source of external high-voltage current : 
provided for starting purposes when cot 
ditions make it impossible to rotate th 


engine crankshaft fast enough to produc 


coming-in speed of the magneto. Th 


_may be in the form of a booster magnet 


high-voltage booster coil or ss 
starting vibrator. : 

The high-voltage booster coil of d 
vibratory type has superseded the mote 
or manually operated booster magnet 
This is a device for obtaining a high inte 
mittent voltage from a source of stead 
low voltage, such as a battery, accon 
plished by electromagnetic induction (se 
Figure 2). A primary winding of rel: 
tively few turns and a secondary win 1 
of many turns are wound on a comme 


$o = total flux, peak value 
a=lamination width 
b=height of lamination stack 


The factor a corresponds to W and 6 to aW, 
with ¢,=BKaW*. The weight of the core 
one centimeter is aW?Kd/453.6 pounds. 
Substitution in equation 38 gives: 


_dAyde? 2 B2W?K 453.6 
24d108 


Watts 


Pound — Agee) 


The conductivity dy is equal to t/1, and 
equation 38a becomes: Yi 


Watts —41?f?B?W?K1A53.6 Seb 
Pound ~ 24dr10” Se 
and with W and ¢ in inches, equation 38b be- . 
comes 

Watts 1.2224f?B*W,?Kty 
Pound — rd108 . SSE 
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A 


The constant 1,2224 of equation 38e 
about 0.1 of one per cent higher in val 


_ than 1.2211, as obtained in equation 5. 


Equation 38c yields the same interlamin; 
tion resistance as is obtained from equatic 
5, being based on the average stray lo 
rather than the desirable ‘value obtaine 
from the maximum stray loss of equation | 
Unfortunately, equation 38 does not call 1 
the designer’s attention immediately n 
clearly that the interlamination resistance 
a function of the square of the laminatic 


width and the lamination thickness, a 


though it shows that the resistance is a fun 
tion of the square of the flux density and fre 
quency, 

Reference 


1. Inrerssepnr Eppy-Currenr Loss In Las 


NATED Cores, L. V. Bewley, Hillel Poritsk 
AIEE Transactions, volume 56, 1937, Mar 
section, pages 344-6, 
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Figure 1. 


laminated soft-ironcore. A breaker mecha- 
Mism is in series with the primary 
winding and battery for the purpose of 


; Doduting rapid change of flux setting up 


Jhigh-voltage surges in the secondary 
winding. The secondary winding in turn 


_ connects to the magneto distributor seg: 


ment. 
_ The battery is s connected to the fnsodtex 
coil through the engine-starter engaging 
switch on inertia starters or motor switch 
on direct cranking starters (see Figure 2). 
When the starter switch is closed, the 
_ booster coil is energized to provide high- 
_ voltage current at the spark plugs prior to 
coming-in speed. The booster coil fires 
ibut one plug in each cylinder; this is the 
plug giving the least detonation and is 
usually the front plug on radial engines. 
‘This plug usually is fired by the right 
amagneto or the right side of a double 
magneto. Booster coils are not connected 
to both magnetos nor to both sides of a 
double magneto. 

The main objection to high-voltage 
booster systems is the inherent disad- 
vantage in that the trailing finger of the 
smagneto must be placed so far back, to 
prevent jumping back at altitude, that 
the starting spark may occur anywhere 
from 30 to 60 degrees after top dead 
center. This difficulty has been overcome 
and correct timing of the starting spark 

_ obtained by boosting the main magnetos, 
thus dispensing with starter magnetos, or 
high-voltage coils, magneto booster rings 
and trailing segments. This method con- 
sists of using a separate induction coil 
(low-voltage starting vibrator) connected 
to the magneto primary winding, utiliz- 
ing it as a transformer and supplying it 
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Schematic illustration of aircraft ignition system 


. 


A 


STARTING SWITCH 


VS) 


ys 


Figure 2. 


PRIMARY as 


SECONDARY | 


Figure 4. Low-voltage start- 
ing vibrator circuit incorporat- 
ing magneto protection 


with alternating impulses of the order of 
150 volts (see Figure 3). Itis made up of 
a coil wound on a soft-iron core connected 
in series with a breaker operated by mag- 
netic action of the core. A relay is in- 
cluded, in series with and between the 
booster and magneto, to prevent magneto 
current feedback through the booster 
when the booster is not in operation. 

A complete wiring diagram of a low- 
voltage starting vibrator is shown in 
Figure 3. A battery is connected to the 
magneto primary winding—through the 
breaker and vibrator coil. A circuit such 
as this has one drawback in that no pro- 
tection is afforded the main magneto in 
instances when breaker contacts tend to 
“freeze.” ‘‘Freezing’” of breaker con- 
tacts results in high current flow, in some 
cases 40-45 amperes in a 24-volt system, 
due to low resistance value of vibrator and 
magneto windings. High current flow 
will cause demagnetization of magneto 
permanent magnets and burning of mag- 
neto primary winding. This difficulty has 
been overcome by using a system illus- 
trated in Figure 4. The vibrator circuit 


here differs from the common unit in that 


the coil consists of a double winding hav- 
ing a common core and common ground. 
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Figure 3. Common low-voltage starting vibrator circuit — 
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The primary winding has more turns than 
the secondary winding, so that, for a 
given magneto current’ requirement, a 
lesser amount need be interrupted through — 
the primary winding. Thisis not the case ~ x 
in Figure 3. This feature contributes 
greatly to longer contact life, and, too, 
should the breaker contacts ‘‘freeze,”’ 
no induction takes place, and current will 
flow through the primary winding to 
ground. Under these conditions no harm 
can be done to the magneto. 

Earlier types of magnetos have magnets — 
of low-coercive-force steel which would A 
lose their magnetism if used with a low- 
voltage starting vibrator. Engine start- 
ing speed, hand cranking, kickback, and 
required spark retard for starting allhave _ 
a bearing on use of low-voltage units in 
place of high-voltage type. 

‘Oscillations in a vibratory system are 
very complex, involving the primary LC 
circuit, the secondary LC circuit and dis- 
tributor-to-spark plug circuit. Calcula-— 
tions of a coupled circuit are difficult 
enough in an a-c case; they are more so in 
the transient case and practically impos- 
sible when spark gaps, nonlinear iron, and 
dielectric losses are combined with eee 
oscillations. 


r 
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system of this burden. 


Extending the: Use of Chant Capacitars 
by Means of Automatic Switching 


W. H. CUTTINO 


ASSOCIATE AIEE 


Synopsis: It generally is recognized that 
the kilowatt loading on distribution circuits 
- or plant feeders may be increased substan- 
tially by using capacitors to supply the kilo- 
var load and relieve the current-carrying 
The use of capaci- 
tors to boost voltage or actually to regulate 


voltage has increased during recent years. _ 


Automatic switching of capacitors makes it 
possible to obtain the benefits of adding 
capacitors to take care of the full load kilo- 
vars without the objection of excess capacitor 
kilovars at light loads. It also makes it 
possible not only to apply capacitors in the 
most effective manner from the standpoint 
of meeting power-factor limits established 
by the utility, but also to regulate voltage 
in the plant or on the system. 

Capacitors may be switched automati- 
cally by the same switching means con- 
trolling the load, or they may-.be switched in 
response to changes in circuit conditions 

. stich as voltage, current flowing, or the reac- 
tive kilovars drawn by the load. The ad- 


vattages of the various types of control and’ 


_ the choice of the number and size of capaci- 
tor steps to be switched are discussed fully. 


HE wide acceptance of shunt capaci- 
tors and the desire to obtain the bene- 
_ fits of adding sufficient capacitor kilovars 
to meet the full-load kilovar requirements 
has resulted in a demand for equipment 
which will switch them automatically to 
avoid excessive leading kilovars or over- 
‘voltages at light loads. The automatic 
switching makes it possible to obtain the 
- benefits of additional capacitor correction 
that otherwise would not be permitted. 
The effectiveness of shunt capacitors 
often can be increased by switching them 
“on” and “off” in accordance with 
changes in load. This is particularly 
true on circuits with widely varying 
loads where it is desired to maintain im- 
_ proved voltage conditions, or hold the 
current or kilovars supplied by the source 
to a minimum with variation in kilowatt 
loading. The demand for switching 
_ equipment increases as more and more 
capacitors are added to compensate, in 
whole or in part, for the kilovars de- 
manded at fullload. In general, capaci- 
tors should be switched to prevent over- 


Paper 44-178, recommended by the AIEEcommittee 
on industrial power applications for presentation at 
the AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944. Manuscript submitted 
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voltages, to reduce line current, to keep 
the demand low in proportion to the 
kilowatt loading, or keep the over-all 
power factor within desired limits. 


_When Should 


Capacitors Be Switched? 


OVERVOLTAGE 


Capacitors may be switched to avoid 
overvoltages on lamps, motors, and so 
forth at light load. Standard capacitors 


are designed for operation on circuits, 


whose average voltage over a 24-hour 
period does not exceed the normal rated 
voltage by more than five per cent. The 
variations above the average may go up 
to the accepted standard limit of 115 per 
cent of normal rating for 230-, 460- and 
575-volt capacitors or the standard limit 
of 110 per cent of normal rating for 
capacitors with higher voltage ratings. 


VOLTAGE REGULATION 


Switched capacitors can be located on 
distribution circuits or plant feeders be- 
yond the voltage regulators to improve 
voltage regulation by reducing the current 
flowing in the feeders. This is accom- 
plished without changing existing regulat- 
ing equipment and lowers the LX and 7R 
losses in the circuit. ; Se 


REDUCTION OF POWER Costs 


To maintain minimum cost of power 
purchased under certain rate schedules, 
capacitor kilovars should be varied to 
keep the power factor within. certain 
limits or to keep the demand to'a mini- 
mum with variation in slower loading. 


AVOID OBJECTIONABLE HARMONICS AT 
Licut Loap , 


In a few cases it has been found desir- 


able to switch capacitors ‘‘off”’ during ~ 


light-load conditions because of the com- 
bination of objectionable harmonics and 
overvoltages. These cases are rare, but 
when they are encountered, it is usually 


more economical and satisfactory to 7 


switch the capacitors “‘off’’ automatically 
during light loads when they are not re- 
quired than to apply a filter or wave trap. 

The decision on whether or not the 


capacitors should be switched auto- 


matically ° depends upon the . benefits 
expected, the size of the capacitor banks, 
the extent to which the kilowatt and kcilo- 
var load varies over a typical load period, 
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‘The first step in making an analysi 


actuating the switching device. a 


voltage, power factor, kilovar demand, 


and the variation of voltage with load : 


usually is to make measurements of kilo- 
vars, kilowatts, and voltage over a typical 
load period to determine the capacitor 
kilovar requirements and then, if auto- 
matic switching is needed, to determine 
what type of control should be used for } 


Methods of Switching Capacitors 

Capacitors may be switched manually 
with variations in load. Requiring an 
attendant to make the necessary observa- 
tions of operating conditions such as 


and so forth, this method of switching 
should be considered for those cases where 
an attendant can be assigned the specific 
duty of performing the switching ont 
tions. ~ 
In general, capacitors should: be applied 
as near the load as possible. Therefore, 
if it is found desirable to switch capacitors 
with variations in load, one of the first ’ 
things to consider is the distribution of 
the capacitors on the feeders and their 
connection directly to the motor leriinalall 
so that they may be switched “‘on’”’ and — 
“off”? with the motor without additional 
switching equipment. In this connec 
tion, the capacitor kilovars switched with — 
the motor switch should be selected to — 


_ avoid excessive overvoltage due to self- _ 


excitation. It is difficult to determine 


‘how large the capacitor may be without — 


causing excessive overvoltages unless the 7 
motor characteristic curves are available. 
The majority of motors will generate | 
about 165 per cent normal rated vole 
when disconnected from the line with a 


capacitor whose kilovar rating is equal to. r 


the motor horsepower ‘rating. Some 
motors may generate higher voltages — 
under these conditions. No overvoltage — 
is encountered if the capacitor kilovar is — 
not greater feu the motor no-load kilo- 


_ var. 


In some uotanees it may be desirable to 
use a separate switch for the capacitor — 


ah 
K 
“XN 
are NEW LOAD WITH 
(OLD LOAD. SS. SWITCHED CAPACITORS 
NO CAPACITORS 


CAPACITORS REMOVED 
CAPACITORS ADDED — 


Figure 1. Kilowatt sat increased 295 per 
cent by adding switched capacitors without 
increasing voltage regulation 
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__ which is controlled by the motor control. 

_ if the motors are small or if, due to load. 
factors involved, it is not practical to 
‘Switch the capacitors with the motors, 
then automatic switching equipment 
should be used with the capacitor. 

If the load follows the same repetitive 
load pattern each week, then a time 
switch may be a practical means of 
initiating the switching operations. This 
type of device is not suitable for applica- 

_ tions where the load fluctuates widely 
with a variable load cycle. 

Capacitors also may be switched auto- 
matically in response to changes in load. 
There are three generally accepted 
methods of initiating the switching of 
capacitors automatically : 


1. Voltage control—In response to 
changes in circuit voltage by means of a 
voltage-sensitive relay. 

2. Current control—In response to 
changes in load current by means of a cur- 
rent-sensitive relay. 

3. Kilovar control—In response _ to 
changes in reactive load by means s of a kilo- 
var-sensitive relay. 


VOLTAGE CONTROL 


The automatic switching of capacitors , 


in response to changes in circuit voltage 
may be considered for applications where 
objectionable voltage deviations occur 
with varyingloads. It is well known that 
capacitors will raise the general voltage 
level on a typical circuit. 

To have a clear conception of voltage 
changes or voltage regulation, it will be 
helpful to remember that for all practical 
purposes the voltage drop can be deter- 
mined from the kilowatt-load component 
flowing through the resistance of the cir- 
cuit plus the kilovar component flowing 
through the reactance of the circuit. The 
voltage drop caused by the kilowatts is 
the product of the kilowatt load in am- 


a= MAXIMUM CAPACITOR KVAR PERMITTED AT 
% LOAD AND NOT EXCEED POWER FACTOR LIMITS 


SBLECT b=Q, THEN C MINUS SPREAD TOLERANCE 
O5}m_DETERMINES MAXIMUM- CAPACITOR KVAR PERMITTED 
a TOBE SWITCHED INONE OPERATION 


a4 o 
CAPACITORS [ADDED ai 
REE eters FACTOR 
‘ aRESa S WITH CORRECTION 
Ae ahs! ) 
01 SS area a eae 


‘Figure 2. Curves showing relation between 
kilovars, kilowatts, and power factor, and how 
capacitors may be switched to keep power 
factor or kiloyar demand within desired limits 
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peres and the circuit resistance in ohms. 
The voltage drop caused by kilovars is the 
product of the kilovar load in amperes 
and the circuit reactance in ohms.. The 
total voltage drop i is the sum of the two. 
The voltage rise produced by the capaci- 
tor is the product of the circuit-reactance 
ohms and the change in kilovar-load 
amperes provided by*the capacitor. The 
voltage change age by switching a 
capacitor is the product of the circuit- 
reactance dhms and the change in kilovar- 
load amperes produced when the capacitor 
is switched. In calculation of voltage 
rise produced by the capacitor above an 
existing voltage level, the nonlinear 


CURREN 


: 


to be switched to the maximum capacitor 


kilovars that can be switched at one opera- 
tion without exceeding the permissible volt- 
age change. 


Example. Consider the case of an in- 
dustrial plant at the end of a feeder where 
it is desired to increase the load from 442 
kilowatts at 65 per cent power factor to 
950 kilowatts at 65 per cent power factor 
without exceeding the current rating of 
the circuit or increasing the voltage regu- 
lation. Power is supplied from a sub- 
station over a 2,400-volt three-phase pri- 
mary feeder consisting of 4/0 cable with 
equivalent spacing of 33.6 inches, to the 
1,000-kva 2,400/460-volt plant trans- 
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variation of exciting’ kilovars drawn by 
motors, transformer, and so forth, should 
be given due consideration. If the volt- 
age level is high, the exciting kilovar load 
may increase rapidly with increase in 
voltage and should be taken into account 
in arriving at the net kilovar load. It 
also should be remembered that the 
capacitor kilovar varies as the square of 
the voltage for a given rating. If the 
voltage level is moderate and steps are 
taken to permit only a small change in 
voltage, the nonlinear variation of excit- 
ing kilovars may be of no consequence 
and may be disregarded. In this case the 
voltage rise produced by the capacitor is 
the product of the circuit-reactance ohms 
and the capacitor current. 

The following steps are necessary to 
determine the amount of capacitors to be 
connected permanently and the number 
and size of capacitors to be switched to 
maintain satisfactory voltage conditions: 


1. Determine light-load voltage with total 
capacitor kilovars connected. 


2. Tf the light-load voltage with the total 
capacitor kilovars connected is objection- 
able, then determine the maximum capacitor 
kilovars permitted during light-load condi- 
tions without exceeding the upper voltage 
limit. 

3. Determine maximum-size capacitor that 
can be switched in one operation or step 
without exceeding the permissible voltage 
change. 


4. The total capacitor kilovars to be 


. switched is the difference between the total 


capacitor kilovars required and the capacitor 
kilovars permitted during light-load condi- 
tions. 

5. The minimum number of switching 
steps is the ratio of total capacitor kilovars 
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-and 5.55 per cent impedance. 
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Figure 3. Three methods of autoniaticallys 
switching capacitors 


A. Voltage control 
B. Current control 
C. Kilovar contro] — 


Figure 4. Circuit diagram showing location of 
load and capacitors referred to in Table | 


former bank having 5.4 per cent reactance 
‘The dis- 
tance from the load center to the trans- 
former bank is approximately 50 feet and 
from the transformer to the substation is 
one-half mile. The circuit impedance 
between the load and the substation as 
figured on a 2,400-volt base is as follows: 


Substation to trans- 


LOLINGrS sper eek ate 0.15 + 70.315 
‘Transformer. 5 Wee 2 a. 0.073 + 70.31 
Transformer to load 

eeriter sc. tr Siena 0.013 + 70.131 

Airtel tt il dee eee 0.236 + j0.756 ohm 


The kilovars permitted when supplyin g 
950 kilowatts without exceeding the ~ 
1,000-kva rating of the plant transformer 


is 310 kilovars (VS 1,000?—950?=310). 
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A 


wily 


Y 


, 
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more than 1.6 per cent (2.6—1.0). 


1.62.4? 10/0.756= 122. kilovars. 


Relation Between Power Factor, Kilowatts, Kilovars, and ‘KilevoltcA pares ‘for: an shied Vijistion ‘aoe Losd 


Table I. 
Capacitors Are Located as Shown in Figure 4 and Switched at predeiaiminse Values of Load 
\ : 7 ‘Load Increasing, vba Decreasing, “4 
Conditions at E—E’ Conditions at C—C’ Conditions at A—A’ Conditions at AA’ 
Capacitor Kilovar : - : : — 
Load : Power Kilovolt- Power Kilovolt- Power  Kilovolt- ; Power Kilovolt- fe 
Kilowatt 'B—B’ D—D’ Factor Amperes Kilovar Factor Amperes Kilovar Factor Amperes Kilovar Factor Amperes “Kilora 
LO Ps aera. DBO er cre A 20 atte eis OVO Ric Lae baer 6 1 Vinee Ov80 5. cel Boas ce on ecne OVOF ee D08' 70% 25* Le ct O.97* .. 20 ORY spine 
OOo ine A 2% QP SO tron + a. ON25 tae ON LOmien LS Ose ONO! eis Hee ORB Ly sys We LES OOS Ferre 0.986 Nip ieee Wat teria 0.986 .. 0.91 «Oa 
0.9-.. 20) DO rte O20) mens 0: 707. edi Soe M O18. eae OeSl4 ee ON Oy 2s ari. meena ODOR ie, cy OBO inp ca ie Ooi cerns 0,998*....0.802....0.0: 
0.75... 2 Urs \ OR net O25 te Rane 0.707....1.06 (0.73020) 882) 029022) on0 BO or (OEE te Oe Oe wens t OO! PER 1.00 pies eat .C 
De Lane ee OG 25s slaved OL 25: aN ie Os70Fs Sab OG Se O80 as 0/8324, 0 OL 0022a + OnaO keener 0.948*....0.792....0.25 iy 
i Re § DSRS genie OBZ Bier wets OF TOT a. c9O) 2. Qon 0.84 0: 883.) Fo Oeics cin Aa APPA Pes ©, Pree een REA ck 0.927%... 0.702... On0se 
(sgh 0. é : 0. va aoa Diese : Se 
0.65. +O: Re 0. 
0. Ong 0. 10%; 
r Ds Q), 0. pO% 
0. 0. 0. 0. 
0. =O} 220%. 20), 
0. ‘as O} 0. Poe 
0.4 sau a0} 0. 
0. 0. 0. > Ole 
MELE aR 0. 0. 
0. 0. 0. 
teh 


* Lagging. # Leading. 


The reactive component of the 950 kilo- 


_ watt load at 65 per cent power factor is 


1,110 kilovars (kvar=tan @Xkw=1.17X 
950=1,110). 
tion is from one fourth to full load or 
2371/2 to 950 kw. 
age at 2371/2 kw is 101 per cent and the 
permissible voltage change is +2.6 per 
cent of normal then the size and number 
of capacitors can be determined, neglect- 
‘ing the nonlinear variation of exciting 
~ Kkilovars, from the following formula: 


Per dent voltage rise produced by capacitor 
capacitor Kflovars circuit reactance 
in ohms 


10 X (line kilovolts)? 


The 800:kilovar capacitor at one fourth 
load will raise the voltage approximately 


10!/. per cent (800X0.756)/10X2.47=. 
10/2, which is excessively high. Since 
the voltage is one per cent above the mean 
level without capacitors at. one fourth 


load, then the maximum capacitor kilovar 


permitted should not increase the voltage 


capacitor permitted at one fourth load is 


Use 
the nearest standard rating of 120 kilo- 
vars. 

Since it is eared to keep the, moles 


‘within +2.6 per cent of normal, the 


capacitor selected should not change the 
voltage by more than 5.2 per cent minus a 


amargin or tolerance which will prevent 


the possibility of hunting. Ifa margin of 
0.3 per cent is chosen at both the upper 


and lower limits, then the capacitor kilo- 


var selected should not change the voltage 
more than 4.6 per cent. The maximum 
size capacitor to be switched in one step is 


350 kilovars (4.62.4? X 10)/0.756 = 350, 


and the minimum number of switching 


steps is two since (800 —120)/350 = 1.94. 
Figure 1 shows graphically the voltage 

regulation with variation in load for the 

old load without capacitors and the new 
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The expected load varia- 


If the measured volt-. 


The | 


load with unswitched and with switched 
capacitors. The 120-kilovar capacitor 


representing 15 per cent of the total is _ 


permanently connected to give a voltage 
rise of approximately 1.6 per cent at one 
fourth load. The remaining 680 kilovars 
is divided into two equal groups of 340 
kilovars and switched automatically in 
response to voltage to keep the voltage 
within the desired limits. Each 340- 
kilovar capacitor switched changes the 
voltage aPpCOnMal ety 4.5 per cent. 


KILOVAR VERSUS CURRENT CONTROL 


When capacitors are Cdaneetad to a 


well-regulated bus, the voltage regulator 
or other devices usually will keep the 


‘voltage within satisfactory limits or at- 


tempt to do so independently of the 
amount of capacitor kilovars applied. 
Circuit voltage, therefore, does not reflect 


truly the need for capacitors and, if the 


capacitors are to be switched, other 
methods of detecting the capacitor re- 
quirements should be used. 

_ If sufficient capacitor kilovars are 
added to supply the lagging reactive kilo- 
vars at full load, then it may be desirable 
to switch the capacitors with variation in 
load to obtain maximum benefits by keep- 
ing the demand and losses to a minimum 
or to avoid the possible penalty of exces- 
sive leading power factor during light 
loads. In some instances the kilovars 
supplied by the capacitor make it possible 
for the regulating equipment to keep the 
voltage up to a satisfactory level at full 
load and in such cases the voltage at light 
load is very likely to be excessive unless 
capacitors are switched. 

One method to consider is that of 
switching the capacitors in relation to line 
current. This is satisfactory and} pre- 
ferred provided the load power factor 
remains relatively constant with variation 
in kilowatt loading or the power factor of 
the load varies in a predictable manner 
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with a variation in kilowatt loading. 
However, if the load power factor does not 
vary in a predictable manner, then th 
capacitor should be switched in re 
sponse to the load kilovar requiremen: - 
When the latter type of control is used, 
it is not necessary for the load power 
factor to have a definite relationship with 
kilowatt loading. In cases where i 
type of control can be used, the existin 
physical circuit arrangement may dictai a 


the type to be selected. Ds ol 


E 4 
RKirovar/ CONTROL ag). ¢ ">| ot ge 
q 


The kilovar sacthod of Conitral should be 
used to switch capacitors when the load 
voltage is regulated and the load power 
factor varies in an unpredictable manner 
with variation in kilowatt loading. — ‘It 
often may be used in conjunction with 
existing voltage regulators to improve 
voltage regulation. In some instances 
the existing voltage regulators: may not 
provide satisfactory voltage regulation 
but when switched capacitors are added 
to supply the kilovars of the load, the 
regulators then may provide satisfactory 
regulation. 

When the kilovar type of control is 


_used, the following steps are suggested for 


determining the amount of capacitors to 


be connected permanently and the number 


and size of capacitors to be switched: 


ile d Dao the capacitor kilovars re~ 
quired at light load to maintain desired 
power factor or to keep kilovar demand. 


within desirable limits. 


2. Determine the maximum capacitor kilo~ 
vars that can be switched in one operation 
without exceeding the permissible change i in, 


_ power factor or kilovar demand. 


3. The difference evens the total. capaci- 
tor kilovars proposed and the capacitor 
kilovars permitted duirng light-load condi- 
tions determines the total capacitor. kilovars 


to be switchems - 
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4. The minimum number of switching 
‘steps is the ratio of the total capacitor kilo- 
vars to be switched to the maximum kilovars 
‘that can be switched in one operation and 
stay within the power-factor limits or kilo- 
var-demand limits. : 


Example. \ Consider the case of an in- 
dustrial plant where it is desired to im- 
prove the full-load power. factor from 

70.7 per cent to 97 per cent and thereby 
teduce the demand approximately 27 
_ per cent or from 1.41 kva per kilowatt to 
1.03 kva per kilowatt. The capacitor 
required to do this is 0.75. kilovar per 
kilowatt. The expected kilowatt-load 
variation is between one-fourth and full 
load and the maximum variation of load 
power factor without correction is between 
62 per cent and 80 per cent lagging. If it 
is desired to add correction to keep the 
power factor between 90 per cent lagging 

and 90 per cent leading for all load con- 
ditions, then the boundaries are outlined 
which will permit the selection of maxi- 
mum capacitor kilovar at light load. 

_ The kilovars at light load and at maxi- 
mum tncorrected power factor plus the 
leading kilovars permitted at light load 

_ without exceeding the permissible leading 
power factor determines the maximum 
capacitor kilovars permitted at light load 
or 0.187+0.12=0.309 kilovar. Once the 
permanently connected capacitor is de- 
termined, this together with the previous 
boundaries permits the selection of the 
maximum capacitor kilovars that may be 
switched automatically in one operation. 
If 0.3 capacitor kilovar is connected per- 
manently, determine the kilowatt loading 
at which the 0.3 capacitor kilovar will 
improve the power factor from 62 per cent 
to 90 per cent. See Figure 2, line b=0.3 
kilovar at 0.377 kw. The capacitor kilo- 
vars required to improve the power factor 
at this loading point from 90 per cent to 
unity plus the leading kilovars permitted 


at light load is 0.305 kilovar. See Figure 


2, line c. This determines the maximum 


capacitor kilovars that can be switched 


and stay within the power-factor limits. 
Since the microfarad tolerances of shunt 
capacitors are usually in the plus direc- 
tion, and also since the kilovars vary as 
the square of the voltage, the kilovar relay 


should always be adjusted for.a greater » 


spread than the kilovar rating of the 
capacitor by a margin sufficient to avoid 
hunting. If the capacitor kilovars are 
reduced to 75 per cent of its original calcu- 
lated value to provide this margin, then 
‘the normal capacitor rating should not 
exceed 0.229 kilovar. The minimum 
number of automatically switched capaci- 
tor steps is (0.75—0.3)/0.229=1.94, 
therefore, the 0.45 capacitor kilovar 
should be divided into two equal groups of 
0.225 kilovar. The kilovar relay may be 
adjusted to switch the capacitors * ‘on”’ 
at 0.175-kilovar lagging with increase in 
loading and switch capacitors “‘off” at 
0.125-kilovar leading with decrease in 
loading. 
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The curves in Figure 2 show power- 
factor boundaries with and without cor- 
rection. The two broken horizontal lines 
show the kilovar relay settings for 
switching the capacitors ‘“‘on”’ and ‘‘off’’ 
to keep the power factor at all times 
within 90 per cent lead or lag for load 
variation of one-fourth to full load. For 
the one particular variation of loading 
illustrated, the permanently connected 
0.3-kilovar capacitor changed the power 
factor at one-fourth load from 80 per cent 
lag to 90 per cent lead. The load in- 
creases at a minimum power-factor slope 
of 40 per cent until the first automatically 
switched capacitor is added when the 
reactive ' reaches 0.175 kilovar. The 
0.225-kilovar capacitor changes the power 
factor to slightly leading and the load 
increases at a power-factor slope of 761/2 
per cent until the second automatically 
switched capacitor is added when the 
kilovar reaches 0.175. The second 0.225- 
kilovar capacitor changes the power factor 


- to slightly leading and the load increases 


‘at a power-factor slope of 761/2 per cent 
until full-load conditions are reached. On 
decrease of load the capacitors are switched 
“off” in the reverse order when the leading 
reactive reaches 0.125 kilovar as indicated 
by the broken extended lines. The load- 
ing may increase or decrease at different 
power-factor slopes than those shown and 
the power factor will be maintained within 
the desired limits so long as the operating 


Figure 5. Single-step kilovar control assem- 

bled with outdoor capacitor rack showing kilo- 

var relay, two-element time-delay relay, and 
control switch 


Cuttino—Automatic Switching of Shunt Capacitors 


conditions are within the boundaries 
outlined. 

If the full load in this case hanrened to 
be 1,000 kw, then a total of 750 capacitor 
kilovars is required, 300 kilovars to be 
connected permanently and the remain- 
ing 450 kilovars to be switched in two 
equal steps of 225 kilovars. 


CURRENT CONTROL 


\ 


Current control should be considered 
for switching capacitors where the voltage — 
is well regulated and the power factor of — 
the load remains substantially constant — 
with variation in kilowatt loading or if 


the power factor of the circuit varies in a 


predictable manner with variation in 


kilowatt loading. If in some instance 


the existing voltage regulators do not give . 


satisfactory voltage regulation, capacitors 


may be added and switched in response 
to current to obtain satisfactory voltage 


regulation in combination with ae regu- 
lators. ‘ 


In analyzing the application of capaci- 


tors automatically switched in response to — 


current there are always at least two 


power factors involved and in some in- 


stances more. To illustrate how some of 
the various circuit conditions should be 
analyzed when more than two power fac- 


\ 


tors are involved, a diagram and tabula- 


tion has been prepared. The values 
shown in Table I are based on the follow- 
ing assumptions: 


4 


1. The power factor at point E-E remains — 
at 70.7 per cent lagging for the maximum — 


load variation of 25 to 100 per cent. 
2. One 0.25-kilovar unswitched capacitor 


power factor at E-E to unity at minimum 


load of 25 per cent. 


38. Two 0.25-kilovar switched Bey) sie 


is located at point D-—D to improve the — 


are located at point B—B to improve the cir- _ 


cuit power factor at E—-E to 97 per cent lag- 
ging at full load.| One capacitor to be 
switched on at 50 per cent.kw load and off 
at 40 per cent kw load and the second 
capacitor to be switched on at 75 per cent kw 
load and off at 65 per cent kw load. 


The number and size of the capacitor — 
can be determined in a similar manner to 


that described for the kilovar control. 


If more than one switched capacitor is 
required, a separate current control is 
required for each capacitor switch. 


These can be adjusted for different cur- 
rent values to give the same results as 
multistep kilovar control. 


Equipment Required _ 


The automatically switched capacitor 


station consists essentially of the capaci- 


tor, the capacitor switch, the automatic 


control and instrument Senet ere and 


control source. 


Tue CAPACITOR 


The capacitor usually will be one of the — 


standard ratings and types of mounting 
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_ vided. 
overload and fault-current protection, . 


— ee eee 


which is suitable for the particular loca- 
tion and circuit requirements. 


CAPACITOR SWITCH 


The capacitor switch should be 
‘equipped with overcurrent trip devices 
unless other overcurrent protection is pro- 
If the switch is equipped with 


‘then it should also have a lockout feature 
to prevent the switch from closing, if 
tripped from oyercurrent, until the lockout 
device is reset manually. Of course, if 
the switch does not have overcurrent trip 
‘devices, then no lockout feature is re- 
quired and the master breaker or line fuses 
should provide the overcurrent protec- 
tion. 


The capacitor switch should be suit-— 


able for repetitive duty and should be 
selected to have the correct rating as to 


voltage, continuous current, momentary 


current, and interrupting ability. Con- 
tactors with line fuses or overload attach- 
ments may be considered for switching 
small low- voltage capacitors where the 


_ fault current and momentary inrush cur- 
rent. does not exceed the maximum 


momentary rating of the contactor. 
Oilimmersed contactors may be used on 


_ small high-voltage aa oe on a similar 


basis. 

Electrically operated ee breakers 
_generally are used for switching the larger 
size capacitor equipments. 
should, of course, be selected to have the 
preper voltage, continuous current, mo- 
mentary current, and interrupting ability. 
On the very large banks of the higher 
voltage ratings the possibility of restrik- 
ing when opening the circuit to the 
capacitor is greater and this should be 
taken into consideration when selecting a 
breaker. 

It is often necessary to have current 
transformers in the circuit to the capaci- 
tors as a meats of energizing breaker over- 
current trips. If the transient inrush 
current is high when the capacitor 
switch is closed, then sufficiently high 
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The breaker 


three-phase 
460-volt capacitor 
divided into four 
360-kilovar indoor 
equipments with 
electrically operated 


kilovar 


and four-step auto- 
matic control 


voltage may appear across the secondary 
winding to necessitate a protective device 


to limit the voltage to a safe value and 
avoid damaging the insulation in the © 


secondary of the current transformer 
circuit. This is particularly true on 
large capacitor banks closely coupled. 


AUTOMATIC CONTROL. 


The automatic control for switching 
capacitors usually consists of a master 
element, time-delay relays, auxiliary de- 
vices, and control switch. A voltage- 
sensitive relay, current-sensitive relay, or 
kilovar-sensitive relay may be selected as 
the master element for initiating the 
switching operations. The time-delay 
relays will allow sufficient time to prevent 
unnecessary switching operations, caused 
by momentary disturbances on the power 
circuit. The time-delay desired usually 
is not critical, but in the interest of keep- 
ing the transient current to a minimum, 


sufficient time delay should be chosen 


between the opening and closing of the 
capacitor switch to allow the discharge 
device to drain off a substantial part of 
the stored energy before the next switch- 
ing operation. The auxiliary relays re- 
spond to the request of the master ele- 


‘ment and time-delay relay combination 
_ to close or open the capacitor switch. 


Control switches usually are desired to 
permit opening and closing of each capaci-> 
tor switch by manual operation of its 
control switch or have the capacitor 
switch open and close in response to the 
master element. 


INSTRUMENT TRANSFORMERS AND 
CONTROL SOURCE 


A potential transformer is required for 
voltage control, a current transformer is 
required for current control and both cur- 
rent and potential transformets are re- 
quired for kilovar control. See figures 
3A, 3B, and 3C for their positions in cir- 
cuit, In all cases a single-phase control 
source is required. Suitable instrument 

! 
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Figure 6. A 1,440- | 


air circuit breakers — 


automatically by means of a time-delay 


capacitor switches. 


April 1943, 


may not be shailable at the ropa 
capacitor location. 


Description of Operation 


'SINGLE-STEP CONTROL 


If the control switch is in the automa’ Hie 
— 
position and one set of the master-element 
contacts close, indicating that capacitor 
kilovars are required, this will energi 
the closing element of the time-del 
relay. If the initial cause is not ; 
temporary disturbance, then the mast 
element contacts will remain closed unti 
the time-delay relay contacts have close d 
energizing the closing mechanism of the 
capacitor switch. The capacitor switch 
will then close and connect the capacito 
to the circuit. 
If with the capacitor connected to t 
circuit one set of the master-element str 


Zi 


‘tacts close, indicating that the capacitor 
correction should be removed, this ener 

gizes the tripping element of the time- 
delay relay. If the master- element con- 
tacts remain closed for the time required 
for the time-delay tripping contacts to 
close, then the capacitor-switch tripping 
device will be energized opening the 
capacitor switch and disconnecting the 
capacitor from the circuit. 


MULTISTEP CONTROL. 


The multistep control operates in a 
manner similar to the single-step contrcl 


except that it is arranged to switch two or 
more groups of capacitors selectively anc 


relay for each separate group in combina- 
tion with auxiliary contacts on the 
The time-delay re- 
lays operating in conjunction with the 
auxiliaries of the capacitor switches set 
up the circuits to close or open the 
capacitor switches in a definite sequence 
responding to the master element with 
time delay between switching operations. 


Conclusions 


1. The usefulness of shunt capacitors can 
be increased by switching them automati- 
cally. 


2. The benefits of adding capacitors to 
supply kilovars up to full-load conditions 
can be obtained, if automatic switching is 
applied to remove the objectionable leading 
kilovars at light load. 


3. The type of control to use and ches size 
and number of automatically switched 
capacitors steps required to do a particular 
job can be determined when the operating 
conditions and requirements are known. 


“ 
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‘Magnesyn Remote Indication 


ROBERT S. CHILDS 


- NONMEMBER AIEE 


EMOTE indication is, in general, the 
transfer of information or intelligence 
from one point to a remote point in a semi- 
yermanent form which may be visually 
observed. A variety of means can and 
have been used to accomplish such a pur- 
pose. Information can be sent from one 
place to another simply by moving a long 
string or cable, rotating a long flexible 
shaft, changing pressure in a hydraulic or 
pneumatic line, changing the character- 
istics of an electric circuit, as well as by 
methods involving thermal and optical 
devices. The fields of telemetering and 
visual recording are well-known branches 
of remote indication. Automatic control 
systems and computing mechanisms de- 
pend on remote indication for their source 
of intelligence. 
As aircraft have increased in size and 
complexity, improved methods of remote 
indication have become most essential. 


Practically all information concerning the ~ 


performance and conditions of engines 
and ship that is brought to the attention 


ef the pilot comes to his instrument panel 


by means of remote indication. Rela- 
tively large distances exist between pilot 
and flight-instrument sensing elements, 
between flight engineer and engines, and 
between navigator and compass. Pneu- 
matic and hydraulic methods are still 
most efficient for some functions, but a 
majority of indications are carried out 


electrically on modern aircraft. In many - 


cases electric systems can offer a saving in 
weight, simplicity of installation and 
maintenance, greater accuracy, better 
interchangeability of components, re- 


duction in military combat hazard, and a. 


somewhat more inexpensive unit. In 
some cases electric systems have been the 
only practical way of remotely indicating 
a particular function. — 

Electrical methods of remote indica- 
tion, as used on aircraft, can be divided 
into four general groups. D-c systems, 
using a variable resistance for a trans- 
mitter and a voltmeter for an indicator, 
were probably the first form to be used. 
This method is still widely used for tem- 
perature indication where the variable- 
resistance transmitter becomes a tem- 
perature “bulb,” utilizing the inherent 


Paper 44-149, recommended by the AIBE com- 
mittee on air transportation for presentation at the 
AIEE summier technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
15, 1944; made available for printing May 23, 
1944. 
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change in resistance with temperature of 
an electric conductor. 

Autosyns* have been extensively used 
on aircraft since 1932 as an a-c electric re- 
mote-indicating system similar to the self- 
synchronous motors used in marine order 
signal systems and many industrial 
applications. A transmitting Autosyn 
which has a rotor mechanically actuated 
by the function to be indicated is elec- 
trically wired to one or more similar Auto- 
syns as indicators with pointers and dials. 

_ Every motion of the transmitting rotor is 
reproduced as a motion of the indicating 
pointer. The prime mover may be any 
of the engine-pressure functions, liquid- 
level functions, or position functions of 
any movable part on the aircraft. 


O-C FLUX 


Figure 1. Frequency doubler 


A third class of remote indicating in- 
struments are the d-c Autosyns. Opera- 
tion is analogous to the a-c Autosyn, 
where the a-c field is replaced by a d-c 
field.. The transmitter is a continuous 


circular resistance with three equally — 


placed taps contacted on a diameter by a 
direct voltage. When connected to an 
indicator similarly wound with a con- 
tinuous tapped winding on a magnetic 
iron core, a d-c field will be set up across 
a diameter of the indicator corresponding 
to the diameter of the transmitter that is 
contacted by the d-c voltage. The rotor 
of the indicator can then be a permanent 
magnet. which will align itself with the 
indicator field. 

‘A more recent development, which has 
become well suited to the requirements of 


- aircraft remote indication, is the Mag- 


nesyn system. Originally applied to the 


problem of remote compass operation, it: 


is equally adaptable to most of the func- 
tions which are remotely indicated on air- 
craft. It retains the advantages of a 
simple indicating unit, as used in the d-c 
Autosyn system, but utilizes a trans- 


mitting unit that is equally simple. The 


* Magnesyn and Autosyn are registered trade- 


' marks of Bendix Aviation Corporation. 
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Magnesyn system is a-c operated and uses 
identical units for transmitter and re- 
ceiver. In each case, the stator is a toroid- 
ally wound tapped coil on a laminated 
magnetic core, and the rotor is a per- 
manent magnet. Rotation of the trans- 
mitter rotor causes corresponding rota- 
tion of the indicator rotor. . 
The preceding four systems are the 
only ones that have been used in quan- 
tity on aircraft. Other electric remote- 
indicating systems that have been con- 
sidered are the distometer and the in- 
ductance bridge. : 

In order to understand the somewhat 
involved magnetic circuit of the Mag- 
nesyn, it is perhaps worth while to con- 
sider some of the chronological steps in its 
development. A well-known phenome- 
non basic to the operation of the Mag- 
nesyn is the production of harmonic 
voltages ina saturated reactor. Suchare- 
actor, shown in Figure 1, is often used as a 
frequency doubler. An E-J lamination © 
core of a magnetic material that saturates — 
abruptly is wound with coils on the out- 
side legs, series aiding, and a separate coil 
on the center leg. If a sufficiently large 


alternating current is passed through the 


outside windings, the magnetic path made 
up of the outside legs and top and bettom 
sections will be alternately saturated and 
unsaturated with magnetic flux twice 
every cycle. When direct current is — 
passed through the center winding, the 
magnetic path presented to its field is 
made up of the two outside legs in parallel. 
Consequently the magnetic path of the 
d-c circuit is varying in permeability twice 
for each cycle of alternating current on 
the outside legs. This means that the flux 
passing through the d-c leg will vary from 
a maximum to a minimum twice for each 
a-c cycle, inducing a voltage in. the d-c 


winding at even harmonic frequencies of , 


the exciting voltage. The a-c circuit on 
the outer legs is acting as a ‘tgate’’ on the — 
amount of flux produced by the d-c field. 


ELECTRICAL DISTANCE 
AROUND RING 


ALTERNATING 
VOLTAGE 


Figure 3. Magnesyn transmitter and receiver 
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ga replacing the field from the d-c 
winding by a permanent-magnet field, or 
even by the earth’s magnetic field, the 
same principle of operation will apply 
Early forms of a unit that operated in the 
‘earth’s. field were called ‘‘flux gates’’.* 
Construction of this form of frequency 
doubler is shown in Figure 2. An a-c 


winding on a portion of a strip of mag-— 


netic material serves to saturate the metal 


_ twice every cycle, thereby providing a 


path of variable permeability. Flux pro- 
duced in the strip by the earth’s field will 
then vary twice each cycle with the vary- 
ing permeability, which, in turn, will 
produce an even harmonic voltage in a 
second winding around the strip. This 
_ action is basically the same as that of the 


original frequency doubler. 


A further step in development was the 


idea that if fundamental flux in combina- 
tion with a unidirectional field would pro- 


duce an even harmonic flux in the afore- 
‘mentioned devices, then a fundamental 
flux in combination with even harmonic 


flux might be expected to produce a uni- 
directional field. Such proved to be the 


ease and resulted in the Magnesyn sys- 
tem. Figure 3 shows the elements re- 


_ quired for a Magnesyn transmitter and 


receiver or indicator. Both units can be 


- identical electrically and. magnetically. 


The stator of each is a circular core of 
magnetic material around which is placed 
a single continuous toroidal winding 
which is connected to a source of a-c 
voltage. Each winding is divided by two 
taps into three equal sections, and cor- 
responding taps of the two units are con- 
nected together. The rotors are two- 
pole permanent magnets, magnetized 
along a line perpendicular to their axis of 
rotation, and are free to revolve in the 
centers of their respective stators. The 


(ee > aoe ee ee eee 
* Flux Gate is a registered Bane mark of Bendix 
Aviation Corporation. 
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Magnesyn is again a frequency doubler 
supplied by a unidirectional field from its 
rotor: and presenting a variable-perme- 
ability path to this field because of the a-c 
flux produced by the winding. 

By first considering the magnetic cir- 
cuit of the transmitter, as shown in Figure 
4, some of the relationships necessary for 


the production of even-harmonic flux in © 


the stator can be seen. A magnetomotive 


force, Hac, will be set up in each half of | 


the annular core by the presence of the 
permanent-magnet rotor. Assuming the 
core to be a homogeneous material, sym- 
metrical in shape and concentric to the 
magnet, the reluctance of the two paths 
will be the same and Ha-. will be equal in 


. the two halves of the ring. 
When the transmitter winding is con- 


nected to a source of sine wave alter- 
nating voltage, the current drawn will 
produce an alternating. magnetomotive 
force, H.-c, which willbe considered at a 
specific time to have a clockwise direction 
inthe core. With respect to this exciting 
magnetomotive force, Ha-e, the uni- 
directional magnetomotive force is posi- 
tive in one half of the core and negative 


_ in the other half. Then the total magneto- 


motive force in one half is 


Hf, = Ha-c+Ha-o , (1) 
and in the other half is 
A, = Ha—. — Ha-c ; (2) , 


_A typical relationship between flux 
density produced in the core and magneto- 
motive force set up in the core is shown as 
the magnetization curve in Figure 5. By 
projecting a time cycle of H,; and Hp on 
this characteristic, the corresponding time 
cycles of flux densities B, and By in each 
half of the core may be obtained. Flux 
density B, is made up of two components, 


Bs-c produced by the exciting voltages 


which is the same in both halves of the 
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. core, ' Panel an additional flux den 


- are shown in Figure 6, ec: it is cle a 


ie , By 
which exists because of the ‘Presse of 
ones combined with SN ~e) OF : 
B i Bax Ree ae 


Likewise, the flux dnaked in 1 the secon 
half of the core 


By=Ba-o-Be 

From equations 3 and 4 

By-e="/2(Bi +B) 

and a 
=1/2(By— 
The time Whdiumehine of B,-.and Ba 


— Bz) 


winds sete a piece a ae ; 
material proportional to the rate of change 
of flux density in the material, component 
voltages E,-. and E, will be induced in the 
transmitter stator ners by Bens andy B, 


induced by ‘he axis a ihe aed oes 
on the rotor then will be 


Ey =Es-c +E, : ¥ ( . 
and in the other half willbe 


Vay MORES oil sym ‘s 


the impressed a-c voltages 
If we refer to Figure 3, the proportion 
of even-harmonic voltage appearing — in 
each of the three sections of winding wil 
depend on the position of the rotor. “Fig- 
ure 7 shows the relative amounts of this 
component voltage in each section as the 
magnet is rotated through 360 degrees. 
The fundamental component of voltage 
in each section, of course, is independent 
of magnet position and is equal to one 
third of the total applied Meier 


g 


to the Goteaponstiag taps on the receiver 
stator, omitting the receiver rotor magnet. 
for the moment, and both coils are sup- 


: 


Figure 6. Flux ‘deen Ge vollages in the 
Magnesyn 
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_ plied from the same a-c source, there will 


“be no flow of fundamental current be- 
tween the two units, because the voltages 
at the taps of each are at the same funda- 
mental potentials. However, because 
there are even-harmonic voltages present 
in each section of the transmitter but none 
in a receiver with no magnet, there will 
_ be a flow of even-harmonic currents be- 
‘tween the two coils. This flow of cur- 
rent effectively lowers E, at the trans- 
mitter to some value, E,’, at each instant 
of time, and produces the same voltage, 
£,’, in the receiver winding in a corre- 


sponding position with respect to the three . 


sections of winding. 

It is difficult to obtain the actual value 
of £,’, but the action of the Magnesyn 
system can be none the less faithfully fol- 
lowed if E,’ is considered to be the same 
as E., which is the same as saying that B, 
and B, in the transmitter core are un- 
changed when the receiver stator is con- 
nected. Because the voltages in the re- 
ceiver-stator winding have to be the same 
as those in the transmitter winding as a 
result of their interconnection, the flux 
densities in the receiver core must have 
_ the same rates of change. This means 

that B,’ and B,’ in the receiver must have 
the same time-cycle wave shape as B, and 
B, in the transmitter. Figure 8 shows 
B, in the transmitter with its associated 
Hf, followed by an assumed B,’ in the re- 
ceiver with a time integral of zero and the 
_ Hy’ in the receiver that would be required 
to produce the assumed B,’. Such an as- 
sumption obviously presumes the pres- 
' enceofan effective unidirectional magneto- 
motive force in the receiver core which is 
impossible, inasmuch as there is no source 
of direct current anywhere in the system, 
nor is there any unidirectional field ap- 
plied at the receiver. This delimits By,’ 
_ in the receiver to such a value that the 
time integral of H,’ in the receiver is zero, 
which in turn requires an effective uni- 
directional component of flux density to 


be produced in one half of the receiver _ 


core. A similar argument will show that 
a corresponding unidirectional flux-den- 
sity component exists in the other half of 
the receiver core. Therefore, an effective 
unidirectional field will exist across a di- 
ameter of the receiver core, corresponding 
to the diameter in the transmitter in line 
with the rotor magnet poles. As the 
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Figure 7. Phase-voltage variation 
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| _ Figure 8. Development of poles in the Magnesyn indicator 


transmitter rotor is: turned, the effective 
unidirectional field in the receiver stator 
will turn likewise. 

If a permanent-magnet rotor is intro- 
duced at the receiver, a restoring torque 


gradient will make it align itself in the uni- 


directional field at the receiver. When it 
is in line with this field, exactly the same 


_ even-harmonic voltages will be induced 


in both transmitter and receiver coils, and 
the flow of even harmonic currents will 
cease. Rotation of the magnet in one 
unit then will cause corresponding rota- 
tion of the magnet in the other unit, and, 
since they are identical, either unit can 
act as a transmitter. 

‘Because of the nature of the parts in- 
volved, the Magnesyn is an inherently 
All lamina- 
tions can be annular-ring punchings from 
sheet metal. The windings are readily 
adapted to an automatic machine opera- 
tion. A round disk magnet is used for the 
rotor and the entire rotor assembly is no 
more than this magnet pressed on a suit- 
able shaft. In practice, an additional 


annular core of magnetic material is 


placed around the outside of the stator 
serving the dual functions of a return 
path for even-harmonic flux to the stator 


and a magnetic shield against extraneous 


magnetic fields that may be present near 
the unit. 

Perhaps the most outstanding feature 
of the Magnesyn system is the extremely 
low reaction torque on a prime mover. 
In any system the torque gradient of the 
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rotor weight, must be overcome. 


prime mover must be sufficiently large to 
mask any friction or error torque gradients 
in either transmitter or receiver. Any 
friction torque of brushes or sliding con- 
tacts, as well as the bearing friction of 
Mag- 
nesyns have no source of friction except 
bearings. and with jeweled pivots sup- 
porting a total rotor weight of the order 
of one gram, this source of friction is 
negligible to the most sensitive prime 
movers. Error torques likewise can be 
kept to a low value without excessively 
involved assembly techniques. 

Some applications of remote indication 
in aircraft require the transmitting unit 
to be installed at a point of extremely high 
vibration. The construction of a Mag- 
nesyn can be modified to make it admir- 
ably suited to this requirement. The 
stator, associated lead wires, and electric 
connector can be molded literally into one 
solid unit. ~The rotor can be mounted on 
a rugged shaft, with suitable bearings to 
withstand anticipated vibration. It is 
even possible to mount the magnet on the 
prime mover directly and mount a molded 
Magnesyn stator concentrically to the 
prime-mover shaft. Such units have been 
constructed that are waterproof, dirt- 
proof, and oilproof, and that withstand 
temperatures from — 100 to +200 degrees 
centigrade, with sustained vibration of 
100 gravity in any direction. There is no 
possibility of wear external to the prime 
mover and no hazard of sparking contacts 
in an explosive atmosphere. 
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For certain applications, it is not neces- 
sary to have the transmitters and indica- 
tors physically the same. This permits re- 
mote indication of any moving member 


by placing a magnet on it and providing © 


a stator at a reasonable distance away in 
the most convenient part of the assembly. 


Some general characteristics of the 
system are freedom from errors resulting 
from voltage variation and temperature 

changes. Accuracy can be maintained 


_ at any desired level with suitable choice 


of transmitter components. Transmitters 
can be constructed to drive any number 
of receivers. 
operated at 26 volts from a 400-cycle 
source and draw about 1.5 volt-amperes. 
When operated from an inverter, these 
Magnesyns will perform satisfactorily on 
frequencies between 150 and 1,200 cycles, 
. provided the ratio of frequency to voltage 
is maintained between 13 and 17. 

The most widespread use of the Mag- 
nesyn to date has been in remote-indicat- 
ing compasses. In modern combat air- 
craft it has been essential to place the 
compass element in a location free from 
the magnetic effects of armor plate, 


machine guns, turrets, engines, and other © 


interfering components, and bring the 
compass heading to the pilot and navi- 
gator by remote indication. A single» 
magnet mounted in a compass float serves 
both the purposes of aligning itself in the 
earth’s field and acting as the rotor of a 
Magnesyn transmitter. Below the liquid 
cavity containing the compass float is a 
_Magnesyn stator. This stator is. con- 
. nected to a receiver, and the compass 


heading is reproduced by a pointer on a © 


dial. No moving parts are added to a 
conventional magnetic compass. 

A class of flight instruments, including 
air speed, rate of climb, and altitude, has 

. been successfully remotely indicated 
with the Magnesyn system. These prime 
moyers, in general, are too weak to oper- 
ate other systems. Practical trailing 
“bombs” containing these flight-sensing 

_ elements have used Magnesyn indication. 
_ Remotely operated weather instruments 
have incorporated the Magnesyn system 

_ to advantage. 

For indication of the position of various 
moving members, such as wheels, a 

- variety of flaps, bomb-bay doors, and so 
on, the shockproof construction type of 
Magnesyn is well suited. Vibration, 
dirt, water, and ice have little effect on 
the molded unit. A particular applica- 
tion where the Magnesyn has stood up 

remarkably well, is the indication of 
propeller pitch. Here the position trans- 
mitter is mounted in the hub of a pro- 
peller and subjected to extreme vibra- 
tion. 

Fuel-level and fuel-flow instrumenta- 
tion in general presents the requirement 
that the electric system be external to any 
cavity containing gasoline vapors as a 
safety precaution. Most systems ac- 
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Units for aircraft use are © 


necks of designers. 


Auxiliary-Power-Plant Requirements F 


. 


L. E. O'NEIL 


NONMEMBER AIEE 


Synopsis: Designers of electrical equipment 
for aircraft are confronted with many limita- 
tions. Some of these limitations may be 
nullified with the use of aumary, power 
plants. 

To cover various phases of application a 
series of engine-generators would be neces- 
sary. A large number of their design fea- 
tures should be adapted to each type of air- 
plane in order to save weight and obtain 
best performance. This necessitates close 
co-operation between designers of the com- 
ponent parts of the airplane. 


\ 


N developing and extending the use of 
electric equipment for aircraft, de- 
signers have been faced with the eternal 
problems of space and weight limitations. 
Two places where a great many limita- 
tions have been encountered are at 
generator and battery. 
In most cases generators are mounted 
on accessory sections of main engines. 


Diameter is limited by the presence of 
other accessories, and overhang is limited 


by the strength of the mounting flange. 
Another undesirable feature, which has 


precluded the use of alternators, is the 


wide speed range of the drive. 

Batteries, as a source of auxiliary 
power, have been a millstone around the 
With the airplane 
on the ground the accessory system is 
almost useless unless ground power units 
are available. Radio and other acces- 
sories can be operated only momentarily 
without reducing the battery charge to 
the extent. that the main engines » ee 
be started. 

Generator designers have done an ex- 
cellent job in recent years. 
succeeded in multiplying the output of 
generators several times without exceed- 
ing the rigid space and drive limitations. 


Paper 44-124, recommended by the AIEE com- 
mittee on air transportation for presentation at 
the AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944. Manuscript submitted 
April 1, 1944; made available for printing May 23, 
1944. 


L. E. O’NEtrt is in the sanieaiag department of 
the Andover Motors Corporation, Elmira, N. Y. 


for supplying auxiliary power in warm — 


_ electricity throughout the airplane. One — 


They have’ 


~~ 


Although ‘we may expect further dcvelogm 
ment, it is not likely that it will be so 
rapid. 

Batteries also have been improved 
however the fundamental shortcoming © 
which characterizes them cannot be 
overcome. They cannot deliver power — ‘ 
beyond their ability to store it. It would 
be impractical to carry sufficient batteries 


weather and impossible in cold weather. 

Elimination of some or all of these 
stumbling blocks will enable electrical 
engineers to exploit further the use of - 


solution lies in the use of one of the three - 
general types of auxiliary power Pie : 
which are as follows: ; i 


1. Battery chargers. 
2. Battery replacers. * 


> : 
3. Continuous duty (providing 2) primary 
source of power). b 


A further breakdown can be made as to ~ 
the type of electrical output. In this © 
paper it will be done only insofar as the — 
necessity arises. 


Battery Chargers 


Without altering the accessory system, — 
except for the addition of a little weight, 
a battery-charging auxiliary power plant 
can expand its efficiency materially. — 
One main difficulty thus is overcome; 
batteries can be recharged readily in- 
numerable times independ ae of the 
main engines. 

The engine itself must be of simple and 
rugged construction and as small as pos- 
sible, consistent with the desired charg- 4 
ing rate of the unit. For this type of 
operation a single- -cylinder air-cooled - 

. 
{ 
| 


two-cycle engine is a good choice since 
the number of parts inherently is kept to 
a minimum. The governor need be no 
more complicated or accurate than the 
pneumatic-paddle type used on. small 
engines. A flywheel magneto offers the 
advantage of having a large part of its 


complish this by having the prime mover 
in the gasoline drive a magnet which, in 
turn, drives a follower or slave magnet 
outside the compartment. 
Magnesyn stator im place of the slave 
magnet, the transmitter is complete with 
no additional equipment. 

The development, method of operation, 
and some features of the Magnesyn have 
been described with a comparison of other 
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can be used in a variety of remote-indicat- 


By using a. 


t 


existing electric systems. Magnesyns 
ing devices, some of which were imprac- 
tical previously. Future developments 
will depend on new requirements in the 
aircraft industry and potential applica- 
tions in industrial instrumentation, as 
well as the ever-present problem of con- 
tinuous improvement in existing equip- a 
ment. 
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weight Gg to tseful work as ene 
inertia. Battery ignition, if lighter, can 
be used: since the number of batteries 
with which the unit operates hardly can 
_be discharged to the point where suffi- 
cient voltage for ignition is not available. 
There is no need for a fuel pump if the 
unit can be located slightly below the 
normal fuel level. However, too much 
fuel head may complicate the carburetor 
float-valve arrangement. The choice of 
cooling system depends somewhat upon 
the requirements of the generator. 


A unit of this type has been in use for 
over a decade in the Navy’s flying boats. 
It consists of a small one-cylinder two- 
cycle engine driving a combination a-c 
and d-c generator and has provisions for 
attaching another accessory. Its long 
record speaks for itself. "1 


Battery Replacer 


The great strides made in the develop- 
ment of generators for main engines re- 
sulted in a set back for the continuous- 
duty type of auxiliary power plant which 
_ was being developed to overcome, among 

other things, low generator output. The 
resulting increase in electrical loads on 
airplanes made batteries even less ade- 
quate as a source of auxiliary power and 
led to the development of an auxiliary 
power plant for replacing batteries. 

+ The battery-replacing type, like the 
battery charger, is best suited to military 
aircraft and flying boats, as its main pur- 
pose is to provide a more adequate source 
of auxiliary power where ground-type 
units are not available. Development 


of its inherent advantages will make ita . 


common sight in postwar airplanes of all 
types. 

Figure 1 indicates an approximate 
battery-output curve for a given load as 
compared with the output curve of an 
auxiliary power plant. Assuming that 
the efficiency of the two systems is ap- 
proximately equal (that is converting of 
British thermal units in gasoline to kilo- 
-watts of auxiliary power) an obvidus ad- 
-vantage is apparent. 

The output of this type of unit i is deter- 


‘mined by the largest necessary continuous 


load required. Although it would be 
desirable to have sufficient output to 
_thandle breakaway surges and to operate 
several accessories simultaneously, the 
‘weight would be objectionable. Figure 2 
-illustrates roughly the demand curve of 
an electrical accessory as compared with 
‘the output curve of a battery-replacing 
auxiliary power plant of proper size. 
Note the shaded area indicating the 
energy to be supplied by the remaining 
battery 

The engine for the battery-replacing 
auxiliary power plant is larger than for 
‘the battery charger and naturally offers a 
-wider choice as to arrangement. The 
‘number of cylinders may vary from two 
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Auxiliary power plant versus 
batteries - 
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Figure ale 


to five and be arranged radially, vee, 
opposed, in line, or in almost any con- 
ceivable manner that results in a com- 
pact accessible engine. Either the two- 
or four-stroke cycle may be used; operat- 
ing conditions favor the four stroke some- 
what. Magneto ignition is desirable and 
smaller engines of the group may find a 
weight advantage in a flywheel magneto. 
The fuel pump should be eliminated, if 
possible, unless combined with a fuel 
injector which becomes more practical 
on larger engines. From the standpoint 
of first cost and servicing, consideration 
must be given to the possibility of de- 
signing a majority of parts for use in a 
series of models having varying outputs. 
This should not be done to the detriment 
of weight and performance. Controls 
and other equipment must be determined 
by the requirements of each installation. 


Continuous Duty 


The third type of auxiliary power 
plant, previously mentioned briefly, is 
one which runs continuously providing a 
primary source of power. Although cer- 
tain units of this type have given good 
service, their development was not ad- 
vanced. sufficiently to compete with im- 
proved main-engine-driven generators, 
and manufacturers turned to the second 
type mentioned. 

Prospects of return of the continuous- 
duty type are likely when the advantages 
are considered; some of these are as 
follows: 


1. It rounds out the power system into a 
complete unit independent of main engines 
and ground equipment. 

2. High-voltage alternators can be used 
individually or in parallel. 


8. Congestion of main-engine accessory 
sections.can be relieved. 


Further elaboration on these advan- 
tages is unnecessary since they have been 
discussed many times in various papers. 
However, one substantial disadvantage 
does bear mentioning at this time: 
auxiliary power plants require essentially 
the same maintenance as main engines do, 

Performance records indicate that time 
between overhauls beyond 1,000 hours 
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Figure 2. Division of load between auxiliary 
power plant and small battery 
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is reasonable. This fact coupled with 
an engine designed for easy maintenance 
will minimize this objection materially. 

The engine for the continuous-duty 
type of unit generally will be larger 
than either of the foregoing types, but 
in many cases it will be identical with the 
one used in the battery-replacing unit, 
except for controls and supercharging. 
For the extreme altitudes at which opera- 
tion will be required external supercharg- 
Supplemen- 
tary cooling will be necessary and may be 
obtained from ‘an air scoop. 

As the size of airplanes and, conse- 
quently, the demand for auxiliary power 
increases beyond a certain point, another 
primary source of auxiliary power may be 
developed in the form of-a steam turbine. 
Recent trends toward using exhaust gases 
for deicing as well as for turbosuper- 
chargers might preclude their use as heat 
for generating steam. This should’ not 
hamper the system a great deal since a 
separately fired boiler would be desirable 
to provide power independently of main 
engines. 

In order to have auxiliary power nate 
meet the requirements in the best possible 
way, close co-operation between manu- 
facturers of airplanes, main engines, aux- 
iliary engines, and accessories (electrical) 
will be essential. 

One of the best ways to save weight on 
auxiliary engines is to eliminate acces- 
sories and structures that are duplicated 
elsewhere in the airplane. In an effort 
to relieve the congestion behind main 
engines some airplanes are equipped with 
gear boxes. By designing into the gear 
box an auxiliary engine which would 
make use of the generator, oil pump, and 
fuel pump already required, considerable 
weight could be saved over batteries or 
conventional auxiliary power- plant in- 
stallations. The auxiliary engine would 
drive only the necessary components of 
the gear box to keep friction at a mini- 
mum and would be operated when 
needed. During flight the auxiliary en- 
gine could be kept warm and ready for 
use by circulating gear-box oil through it. 

Coritinuous-duty auxiliary power 
plants, like main engines, require super- 
charging. With a slight increase in the 
size of the main engine supercharger 
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The Computation 


4 Magnetic Field : 


Strength of Round Coils of Small 


Cross Section 


HERBERT B. DWIGHT 


FELLOW AIEE 


HEN a solenoid, or cylindrical coil, 
has no iron core, the magnetic field 
in the space around it or within it may be 


been published! which take account of the 
length and thickness of the coil by alge- 
braic terms which have been obtained by 


an integration over the cross section of 


the coil. This requires a calculation to be 
made twice, once for the end of the coil 
nearer the point for which the magnetic 
field is being computed, and once for the 
farther end. When the distance to this 


pointislargecompared with the dimensions 


of the coil section, the final computed re- 
sult is a small difference of two larger 
quantities, resulting in a loss of accuracy. 


In this paper formulas for the magnetic 


field strength are presented which not 
only preserve the accuracy of computa- 
tion, in such cases where they are applica- 
ble, but also save a considerable amount 
of work. 

When the length and thickness of the 


solenoid or coil are so small compared with 


the radius that they may be neglected, 


formulas are available which give the field 


strength directly in terms of elliptic inte- 
grals? or of a series of zonal harmonics 
(see equations 12 to 24 of reference 1, and 
the earlier references given therein). 


_ These formulas can be used with actual 


Paper 44-110, recommended by the AIEE com- 


mittee on basic sciences for presentation at the 
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coils by taking the position and diameter 
of the coil to be those of the circle at the 
middle of the coil section. — 

In this paper, correction formulas are 
given which can be used along with those 
of the preceding paragraph, and which 
will give the effect of the dimensions of 
the cross section. These formulas are in 
the form of convergent series, and, as is 
usual in such cases, their applicability is 
determined by the rapidity with which 


es 


Circular coil. 


Figure 1. 


x 


the terms become smaller and smaller, 
for any given problem. If in any case 
they are found inapplicable for this 
reason, recourse may be had to the more 
general set of formulas indicated by 
-numbers in Figure 5, of reference 1. 

_A general method by which correction 
terms for the section of a cylindrical coil 
may be derived is given in ‘Electricity 
and Magnetism” by J. C. Maxwell, 
volume 2, para. 700. If the coil section, 
which is a rectangle of length b and radial 
dimension #, be plotted with the middle 


enough air could be supplied for the 
auxiliary power plant more efficiently 


than from a separate supercharger built 
into the auxiliary engine. This has been 
done with good results. 

Another source of ‘“‘cheap’’ super- 
charging may be found in the exhaust 
from cabin supercharging. The auxiliary 
power plant could be mounted inside or 
outside the pressurized cabin. However, 


mounting it inside the cabin would be 


better from the standpoint of heat dissipa- 


tion. 
Auxiliary-engine accessories such as 
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magnetos, fuel pumps, and carburetors 
can stand considerable improvement from 
the weight standpoint. Such equipment 
on most auxiliary engines is capable of 
serving engines many times larger. 

Although auxiliary power plants neces- 
sarily-are operating within the range of 
diminishing returns from the standpoint 
of weight and efficiency they reopen 
the avenues of development to designers 
of electrical equipment. Co-operation 
along the lines mentioned can result in 
better and lighter accessory power sys- 
tems. 
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By applying equation 1, there is obtained 


‘point P(x, y) is, by equation 21, reference 


‘ J VE. ee 
pork of the section as origin, then t 
magnetic field due to any small circular 
wire through the point (uw, v) may 
called H,,. Expressing this as H, and < a 


4 
series of its derivatives, and integrating 
from —t/2 to t/2 and from me to 4/2, 
there results 


Aeoit = Ho+ AH 4 

H, is the magnetic field stroneels due to | 
the single turn at the center of the cross 
section, the entire current of the cross 
section being taken to be concentrated in 
this turn. H, may be computed by any 
of the formulas for single circular turns — 
described in the preceding paragraphs. — 


a Fe 
aes anal? da? Matic +a 
aH, dHe\ 1. OH, 
tari b4 2) 2—____. 
(+ Bet, he ae ‘te ) aa oat 2 oy 


A case in which thie method of this! 
paperis very applicable is where the point 
P(x, y) (see Figure 1), at which the value 
of the magnetic field strength is desired; 
is at a large distance from the coil. 

A formula for the axial component of — 
the magnetic field for this case is ia 
20, reference 1, as follows: 
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Similarly, the radial component at the 


, 
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t 


tadius of a centimeters. 


The same coefficients are used for each 


term as in equation 3; thus, by equation 


1, 
aNIy a? x 
aa | co GPs (). 
as x 35a x 
Cc Py \= — P,'(- )— 
Map t @ra 4-6 r6 is (=) 
SG Le 
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In the above formulas, the magnetic 
field is given at the point (x, y), the 
center of the round coil being the origin of 


_ co-ordinates and the axis of the coil being 


the axis of x. See Figure 1. The quan- 
tity r?=x?+y?. The coil has a mean 
Its cross section 
is rectangular, the radial thickness being f 
and the axial length, b. It is evident 
from the form of equations 3 and 5 that ¢ 


_ and } should be small compared with the 


radius a for these formulas to be applica- 
ble. Dimensions are in centimeters. 
The dots represent multiplication. 
P,,(u) is a surface zonal harmonic. 
may be computed by standard formulas*® 
_or the required Rae may be taken from 


tables. P,!(u) = ae FACOE 


Since these formulas are to be used 
when there is no iron or magnetic ma- 


_ terial near the coil, the flux density at the 
‘point P(x, y), in lines per square centi- 


meter, is numerically equal to the value of 
Hf given by the formulas. 
Example 1. For a numerical example, 


take a=10 centimeters, =0, D=5 centi-_ 
meters, x=24 centimeters, and y=32 


centimeters. See Figure 1. Then: 


4? =1,600, r=40, and x/r=0.6 
By equation 2, 


2cNI_ 10 
aa me 500-+2.391+0.079 — 


2rNI 
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z= 
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20 NI gee 10 
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An alternative way of computing this 
result is by two applications of equation 
89, reference 1. First, with #=0, by 


equation 39, 
anl| a* Bol 3 a4 1 
= Sa) — PS | — = — Pa 
Ap, Hz ng 4 (2) 4n' (2)+ 
3-5 a’ x1 3-5-7 a8 (2) | 
pee eas — )_——__ — P| — oh 
46 78 ae (é ) 4-6-8 78 ; ry = ; 
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It 


1=— 


b =turns per centimeter 


ry? =x? y? 
i b F 
x1 ar =24—2.5=21.5 centimeters 


awNI a 

Hz, =—— X-— [2 —0.037523 —0.001368-++ 
10a b 
0.0000090+-0.0000034-+-0.0000001.. .] 


ie Ser 961121 
10a 5 


For 


b ; 
Pit ros 24-+-2.5= 26.5, 


aNI 10 Fh : 
r= —— Xx 5 1.962307 ! 
~ 10a 
A, =H2,— 13 =. 962307 — 
1. 961121) = = — 


This agrees very well with the result by 
means of AH,. The method by equation 
39 takes about twice as long as equations 2 
and 3, for this example. It has the ad- 
vantage that further terms can be com- 
puted, indefinitely if desired. 

For the same shape of coil as has been 
taken up, namely, with ¢ and b small com- 
pared with the radius a, the magnetic field 
strength near the center of the coil can be 


computed by means of equation 1, by . 


applying it to equations 17 and 19 of 
reference 1. 
By equation 17, 


35 rk x\ 35778 
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By equation 1, 
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For the radial component of the field 
near the coil center, by equation 19, 
reference 1, 


_tNIyr | Pe x\ 37 P 
10a r 4a? 


“Oo 


where 7?= x?-+y? and where the coeffi- 
cients Dw, Du, and Dw are given sks | 
equation 7. 

The results described in this paper were 
derived in connection with a thesis at 


Massachusetts Institute of Technology. 


Formulas for the Hest few surface zonal 
harmonics are: 


Py(u) =" Po(u) =*/2(8p? =) 
P;(x) oe —3y) 


‘Pa(p) = om (5:7u4—2:3-5y?+ 1.3) 


i 
P5(u) iF (7-9p5—2-5-7u5+3-5p) 


~3-5-7-9usE a 


3-3-5-7u2— 1-3-5) 
ib 
BA = —— (9-11-13-15u8 —4-7-9-11-13 
(4) rac fe Llop see 
6-5-7-9-11u4—4-3-5-7-9u?+1-3-5-7) 
Py'(u)=1 Po! (u) =3p 


P3'(u) =1/2(8:5y?— 1:3) 
Pa! (u) =1/2(5-7 3 —3-5y) 


and so on, by simple differentiation of the 
formulas given above. 


Pu) = Sant pa 
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Synopsis: Flight-operations experience has 
shown that significant improvements in fuel 
economy may be obtained through the use of 
aircraft-engine torque instruments as regu- 
lar flight instruments. This paper describes 
the better-known types of torque instru- 
ments and introduces a new type that has 
recently come through its development 
, stage. 


"HE performance of airplane engines 


_ in flight is evaluated ordinarily by 


meanis of engine speed, manifold pressures, 
‘air temperature, airplane speed, and 
flight altitude in terms based upon fac- 
tory-calibrated engines. Corrections for 
fuel variations, atmospheric humidity, 
and actual engine condition are usually 
indeterminate and cannot be applied, so 


_ that substantial variations from the 


“chart’’ engine output frequently are en- 
countered. Torque measuring instru- 
ments have been used when available for 
test flying of new aircraft designs and to 
a limited extent as regular flight instru- 
ments to reduce fuel consumption and 
extend the useful radius of flight opera- 
tions. The value of a torque instrument 
on the propeller shaft of an airplane 
engine lies in a balance between the ad- 
vantage of knowing true engine-power 
delivery and the disadvantage of ad-. 
ditional weight, service difficulties, and 
increased equipment cost. For very 
long-range operations of large military 
aircraft, engine torque instruments or 


_ some accurate type of power-measuring 


devices are a necessity and a military re- 
quirement. As ranges are shortened and 


as airplane size. decreases, excessive 


torque-instrument weight and cost in- 
creases can quickly outweigh their 
advantages, 


General Types of Torque 
Instruments 


There are two general types of torque 
instruments which have been applied to 
aircraft engines to determine engine out- 
put; these are the hydraulic and the elec- 
trical types. The hydraulic torque in- 
strument!.? is the better known of the two 
and has been in use for a number of years; 
it usually measures the torque reaction on 
a stationary member of the propeller- 
Paper 44-138, recommended by the AIEE commit- 
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shaft reduction-gear train by means of an © 
hydraulic piston and a pressure-regulated 
oil supply. The oil pressure is controlled 
by means of slight piston movements to 
balance exactly the torque reaction of the 
selected gear, usually the stationary sun 
gear of a planetary gear set, Figure 1, and 
the oil. pressure which is proportional to 
the torque is measured by a conventional 
pressure gauge. When double-reduction 
gears are required, or when operation at an 
extremely low temperature is necessary, 
and when excessive torsional vibrations 
are present, the hydraulic system becomes 
difficult to handle. Electric torque in- 
struments fall into three general classi- 
fications, the strain-resistive, strain-ca- 
pacitive, and strain-magnetic. : 


Electrical-Resistance Strain Gauges 


The strain-resistive type may measure - 
either the twist in the propeller shaft by’ 
means of strain-sensitive resistance ele- 
ments mounted directly on the shaft, or it 


SUN GEAR 
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DIRECTION _ 
OF TORQUE 
REACTION 
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Figure 1, Hydraulic torque instrument ap- 
plied to sun gear of planetary transmission 


4 RESISTANCE STRAIN GAGE ° 
ELEMENTS CEMENTED ‘ 
TO SHAFT INSULATED 


SLIP RINGS 


TORQUE INDICATOR 


Figure 2. Torque instrument using resistance- 
wire strain gauges attached to shaft 
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may measure the deflections of a sta 


units are mounted on a rotating shaft soas 


much the same manner as strain-resistive 


a 


7 


ary reaction member, somewhat simi 
the conventional hydraulic torque in: 
ment in application except that the a 
deflection of a spring is measured r. 
than the balancing oil pressure. I 
strain-sensitive resistance elements ; 
attached to a stationary reaction member, 
direct electric connections can be made 
between the resistance units and thi 
dicating instrument; but if the resista 
to be sensitive to the actual twist in a 
specified gauge length of shaft, elec: 
connections usually must be made through 
slip rings on the shaft with brushes riding 
on the slip rings, Figure 2. Attempts havi 
been made to use carbon-pile resistance 
elements in such torque instrument or 
strain-gauge applications because of the 
high energy levels which can be tolerated 
in carbon piles. This should make pos- 
sible direct indication of torque on con- 
ventional ammeters or voltmeters without 
using amplifiers; however, the strain-re- — 
sistance chatacteristics of carbon piles 
have not been sufficiently stable and sub- — 
ject to manufacturing control within re- — 
quired accuracy limits to permit their use. 
Wire-resistance strain gauges*® have the re-_ 
quired accuracy, but the resistance 
changes for strains corresponding to maxi- 
mum allowable stresses in both the engine — 
parts and the wire-resistance elements 
seldom exceed one per cent of the initial 
resistance. Therefore, use of.a sensitive — 
potentiometer and balancing bridge is re- 
quired with wire-resistance strain gauges, ‘ 
or high-gain electric amplifiers must be 
used with direct-indicating instrurrents. 
The ease of application of the small resist- 
ance-wire strain gauge and its general 
reliability makes it quite valuable for 
laboratory work, but its low sensitivity 
appears to rule it out as an aircraft flight 
instrument. A further disadvantage is 
the relatively large temperature coeffi- 
cient of resistance of most of the wire-re- 
sistance strain gauges; normal tempera- 
ture excursions in aircraft engines result _ 
in temperature-résistance changes of 
greater magnitude than the strain-resist- 
ance changes under measurement; these 
temperature effects can be eliminated, 
however, by careful adjustment of com- ' 
pensators. << 


Electrical-Capacitance Strain 
Gauges © i =e 


Strain-capacitive elements are used in 


elements, and may be mounted either on 

rotating shafts with slip-ring connections 
or on torque-responsive stationary mem- 

bers of the engine. Here an air-dielectric 
capacitor is formed of two groups of plates 
or conducting surfaces insulated from each 
other and so positioned that, when the as- _ 
sembly is subjected to strain, either di- 
electric spacing between plates of opposite — 


_ polarity changes or opposed plate areas” 


ELECTRICAL ENGINEERING 
Pease 


5 
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alter in proportion to the strain, with a 
resultant change in the capacitance of the 
capacitor. The per cent change in capaci- 
tance which can be obtained for permis- 
sible strains in engine parts can be large, 
and for that reason much effort has been 
expended in attempts to utilize strain- 
_ capacitive elements in strain gauges and 
torque instruments. However, space and 
weight limitations usually restrict the 
_ capacitance of the strain-sensitive element 
to a few micromicrofarads; and therefore, 
even with a-c power supplies of several 
hundred kilocycles frequency, energy 
levels in the sensitive circuit elements are 
so low as to require amplifiers ahead of 
the torque indicating instrument, with the 
usually attendant difficulties of maintain- 
ing calibration. Capacitance-sensitive 
strain elements must also be hermetically 
sealed to exclude oil, moisture, and dirt; 
and the uncertain stray capacitances of 
electric connections and mechanical sup- 
ports are also major difficulties. 


Electromagnetic Strain Gauges 


Strain-magnetic elements lend them- 
selves to the measurement of small dis- 
placements much more readily than do 
any of the aforementioned strain-sensitive 
devices when it is desirable to connect di: 
rect-indicating instruments to the strain- 
sensitive circuit without interposing am- 
- pilifiers. The conventional magnetic strain 

gauges operates at sufficiently high energy 
levels that its output can be utilized to 
drive an indicating instrument directly; 
and in such manner it is commonly used 
as the sensitive element in many precision 
gauges or comparators as well as for air- 
crait-engine testing.* 
It is usually small and operates on con- 
_ ventional a-c supply circuits, 60 cycles in 
the case of ground equipment and 400 
cycles for air-borne equipment, and can 


take atry one of several different forms; 


the one in Figure 3 with its connection 
diagram shown in Figure 4 is simple and 
commonly used. It consists of two iron- 
core inductance coils with variable-length 
air gaps in their magnetic paths; moving 
the armature A of Figure 4 to the left 
will decrease the air gap of coil Z,, in- 
creasing its inductance, and at the same 
time will increase the air gap of coil Z2 


Magnetic strain gauge 


Figure 3. 
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with a corresponding decrease of its induc- 
tance. Since Z; and Z, are both elements 
of a four-arm bridge, the output of the 
bridge indicated by the instrument / will 
be almost exactly proportional to the 
physical displacement of the armature A 
from its center position, within the useful 
limits of the strain gauge. The other two 
bridge arms, Z; and Z,, are usually made 
part of a center-tapped autotransformer, 
which decreases the bridge impedance and 
thus increases the maximum signal energy 
available. 

Magnetic strain gauges can be mounted 
in the take-off head of the conventional 
hydraulic torque instrument, replacing 
the hydraulic piston and pressure gauge. 
When this is done, a spring element, usu- 
ally a short section of steel tubing, resists 
the reaction of the sun-gear torque arm 
and the strain gauge measures the deflec- 
tions of the steel tube, Figure 5. They 
also have been mounted directly upon the 
propeller shaft of an engine or reduction- 
gear assembly, Figure 6, with electric con- 
nections made through slip rings on the 
shaft, 


The Magnetic-Coupled 
~ Torquemeter 


For shaft mounting, the slip-ring design 
is likely to be difficult from the stand- 
\ points of service trouble and contact re- 

sistance. On the other hand, there are 
numerous aircraft-engine applications for 
torque instruments where it is desirable if 
not imperative to measure the twist in a 
shaft when the engine output is to be 
known with any degree of accuracy. The 
Magnetic-Coupled Torquemeter there- 
fore was designed to eliminate slip rings 
and: still retain a shaft-mounted strain 
gauge. A schematic illustration appears 
in Figure 7, and a picture of a typical as- 
sembly is reproduced in Figure 8. If we 
refer to Figure 7, the shaft is provided 
with three flanges on which are mounted 
three toothed rings of magnetic material, 
but separated from contact with the steel 
shaft by means of nonmagnetic spacers 
made of a metal such as bronze or brass. 
Overlapping teeth or projections from 
each of the three magnetic rings form two 
sets of air gaps, one set between outer 
ring 1 and the middle ring A, and one set 
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Figure 4. Simplified magnetic-strain-gauge 


circuit 


Godsey, Langer—Torque Instruments 


between outer ring 2 and the middle ring 
A. When the shaft is loaded or twisted in 
a clockwise direction, the air gaps between 
teeth on rings 1 and A are shortened and 
the air gaps between teeth on rings 2 and 
A are lengthened; this is in effect the same — 
as moving the armature A of Figure 4 to 
the left. ; =e 
Magnetic flux flows across the two sets 


MAGNETIC STRAIN GAGE 


SUN GEAR: 
TORQUE ARM 


Figure 5. Magnetic strain gauge applied to 
sun gear of planetary transmission 
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Figure 6. Magnetic strain gauges measuring 
the twist of a propeller shaft 
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Figure 7. Schematic illustration of Magnetic- 
Coupled Torquemeter 


Figure 8. Small Magnetic-Coupled Torque-— 
meter for test-floor use 
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a4 Figure ng. Magnetic-Coupled Torquemeter 
‘designed for propeller shaft of Allison 
; V-1710-E engine 
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_ Figure 10. Magnetic-Coupled Torquemeter 
rotor with four tooth gaps per side 
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Figure 12. Electric circuit for a magnetic strain © 
gauge or Magnetic-Coupled Torquemeter 
using a regulated power supply 
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of air gaps, induced by the two stationary — 


coils Z; and Z», also corresponding to Zi 
and Z, of Figure 4. Coils Z; and Z2 are 
shown completely encircling the shaft as- 
sembly and the magnetic return paths are 
through their encasing shells of magnetic 
material'and across the radial air gaps be- 
tween the stationary-coil assembly and 
the rotating-shaft assembly. These air — 
gaps have relatively large effective areas 
and short lengths so that their magnetic 
permeances are quite large compared with 
the permeances of the active air gaps be- 
tween the toothed rings; consequently, 
the insertion of the radial air gaps in the 
magnetic circuit has but small effect upon 
the characteristics of the strain gauge. 
Normal eccentric movements of the rotat- 
ing shaft in its bearings relative to the 
stator cause second-order changes in per- 
meance of the radial air gaps and finally 
result in only third-order changes in 
torque-instrument calibration. 

When  strain-gauge elements are 
mounted on a rotating shaft, precautions 
must be taken to avoid errors due to bend- 
ing moments and compression or tension 
loads on the shaft so that only pure torque 
is measured, This requires that a bal- — 
anced magnetic circuit be used with both 
Z, and Z, responsive to shaft torque loads, 
and it also requires that the sensitive air 
gaps be distributed uniformly around the 


- circumference of the shaft. Slip-ring in-_ 
stallations. of two conventional magnetic | 


strain gauges diametrically opposite each 
other on a shaft and with their coil circuits 


either connected in series or in parallel 


have shown a satisfactory lack of response 


to bending loads on the shaft where mod- | 


erate loads are imposed. Some aircraft- 
engine propeller shafts are subjected to 
bending moments from propeller gyro- 
scopic couples in spins that-may result in 


“maximum fiber stresses of the order of 
100,000 pounds per square inch where 
- normal stress in torsion is of the order of 


8,000 to 16,000 pounds per square inch. 
Well-distributed sets of sensitive air 


_ gaps are desirable in such circumstances, 
and Figure 9 shows a rotor for a magnetic- 


coupled torque instrument with a large 
number of small individual air gaps in 
each set around the shaft. This particular 
shaft element is intended to be mounted 
between two existing flanges on an engine 
propeller shaft, and therefore, in order to 
divide circumferential strain due to twist 
in the shaft length between flanges equally 
between the two sets of air gaps, three 
rotor rings are mounted on a torsionally 
flexible cage, the ends of which are per- 
manently fastened to the two flanges. 
The stator carrying the two coils and their 
magnetic shells is also shown in the same 
illustration, and is bolted to the inner- 
thrust-bearing retainer ring inside of the 
propeller reduction-gear housing. 

The large number of small air gaps 
shown in the rotor of Figure 9 is very ef- 
fective in averaging out bending and 
thrust loads on the propeller shaft, but 
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‘around the teeth and also to increa : 


changes upon magnetic strain gauges can 
be divided into those originating in the in- — 


the shaft pickup unit. Temperature ef-— 
- corrected by conventional means and at- — 


_ tention to good design practice. The tem- 


ticularly since temperatures may range 


+ te 
does lead to excessive magnetic iatege 


bi 


manufacturing difficulties since normal 
air-gap spacing: is of the order of 0.004 to ; 
0.010 inch, depending upon shaft stiffness 
characteristics. Another rotor for the: 
same application is shown in Figure 10 in 
which only four air gaps each of relatively — 
large area are used per sensitive gap set; 
there is a considerable increase in apparent 
sensitivity of this torque instrument over 
the one shown in Figure 9, due to the 
better magnetic design and the large re- 
duction in leakage flux around the rotor, 
Flux leakage at 400 cycles per second to 
the steel shaft is effectively reduced to a 
negligible quantity if the nonmagnetic 

spacer rings between the toothed rings and ~ 
the shaft are made of high- conductivity } 
materials such as brass, bronze, or copper. — 


Figure 11 shows another magnetic- 
coupled torque instrument intended for — 
use on the extension shaft between the 
engine and a separate propeller reduction- — 
gear box. The three toothed magnetic 
rings are mounted on three shaft flanges 
instead of on a flexible cage, and the short — 
shaft section carrying the rings is inserted - 
in the extension-shaft drive with flanged 
or splined couplings. A better mechanical 
job is obtained when it is possible to — 
«mount the toothed rings directly upon in- 
dividual flanges integral with the shaft — 
rather than upon the surface of a flexible | 
cage or sleeve. 


Temperature Effects in Magnetic 
Strain Gauges 


The effects of ambient-temperature 


strument circuit and those originating in — 


fects in the instrument circuit are readily 


perature effects in the shaft element are 
more difficult to handle ordinarily, par-_ 


from —50 degrees centigrade to hot en-— 
gine oil temperatures. The changes in 
modulus of elasticity of the shaft material 
are usually small over the normal tem- 
perature ranges, but serious unbalances of 
the impedance bridge with large shifts in 
the zero adjustment of the torque in- 
strument may result from large ambient- 
temperature changes around the shaft 
pickup unit; this may be particularly 
noticeable when large temperature dif- 
ferentials appear from one end of the 
shaft unit to the other. These calibration 
changes can be held to small limits if suffi- 1 
cient care is used in design to prevent 
large hysteresis and eddy-current losses in | 
the magnetic parts of the shaft unit. High © 
power factors in the impedance coils of | 


the strain-gauge bridge usually are the 


result of abnormal magnetic losses due to 
saturation effects in parts of the circuit; 
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and such losses are usually highly | tem- 
perature-sensitive, so that torque-instru- 
ment accuracy suffers from temperature 
changes. By exercising care in design and 
application, these temperature effects can 
be held within acceptable limits; one of 
the early Magnetic-Coupled Torque- 
meters that showed excessive tempera- 
ture sensitivity was corrected by adding a 
small resistor with a high temperature co- 
efficient of resistivity in series in one of the 
impedance coil arms of the bridge. A 
nickel-wire resistor was uséd and fastened 
to the shaft pickup stator housing. 


Magnetic-Strain-Gauge Instrument 
Circuits 


A number of precautions must be ob- 
served in applying magnetic strain gauges 
or Magnetic-Coupled Torquemeters to 
aircraft instrumentation problems. , The 


a-c power supplies ordinarily available - 


on airplanes may be subject to rather 
wide variations in voltage and frequency; 


and, while close frequency regulation is 


not essential, the calibration of the torque 
instruments is proportional to the supply 
voltage when a simple circuit such as 
shown in Figure 4 is used. Therefore a 
voltage-regulated power supply is essen- 


tial to accurate calibration under these . 


circumstances. Since the electrical load is 
small and fixed, the voltage-regulator 
“problem is not particularly difficult. 
The power requirements of a magnetic 
strain gauge at 400 cycles is about five 
voltamperes. The Magnetic-Coupled 
_Torquemeter, due to greater iron loss and 
flux leakage requires 30 to 50 volt-am- 
peres. Ordinary frequency variations 
are compensated for, when compensation 
is required, by the use of a small capacitor 
in the instrument circuit. On airplanes 
where the only available electric power is 
direct current, it is possible to use a small 
inverter to obtain the necessary 400 cycle 
power. Various regulators, such as the 
catbon-pile, saturated-reactor, and cen- 
trifugal speed-governing type are avail- 
able. By designing a ‘unit specially for 
the job, it is possible to reduce the 
weight of the inverter, complete with 
regulator, to about two pounds per 
torque aoe ieee on a two-engine 
airplane. 


The indicating instrument is usually a | 


rectifier-type milliammeter, and the com- 
plete bridge output circuit must include 
the proper external resistances to insure 
that the instrument circuit will provide 
accurate voltage measurements of the 


strain-gauge bridge output over wide 


rangesof ambient temperature, input volt- 
age, and frequency. Such a circuit is 
shown in Figure 12, which is Figure 4 with 
the added refinements of a voltage regula- 
tor, frequency-compensating capacitor, 
sensitivity-adjusting rheostat, zero-bal- 
ance potentiometer, and a small bias recti- 
fier. The bias rectifier is added, because a 
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true null balance of the bridge is never 
obtainable because of the presence of 
phase unbalance and harmonics in the 
supply voltage. Therefore, without a 
biasing rectifier or an off-scale zero spring 
adjustment, the indicator pointer could 
never be brought to zero. 

The use of a d-cratioinstrument instead 
of a conventional milliammeter elimi- 
nates the necessity for the voltage regu- 
lator, and since frequency variations are 
relatively unimportant in magnetic-strain- 
gauge instrument errors, its use has many 
attractive features. A d-c ratio instru- 
ment consists of a permanent-magnet in- 
strument movement with two coils set ata 
wide angle to each other on the shaft of 
the moving element which carries the 
pointer. Connections are made to the 
moving coils through soft gold conducting 
spirals instead of the conventional springs, 
and the resultant spring restraint is negli- 
gible under normal conditions. When 
each coil is made to carry current, the 
position which the pointer will assume is 


determined by the resultant magnetic field . 


of the two coils, and the instrument scale 
is marked as the ratio of current flowing in 


‘the “forward” coil to that flowing in the 


“reverse” coil. The torque-instrument 
application of a d-c ratio instrument is 
shown in Figure 13, and it should be 
noted that the coils are energized through 
instrument-type rectifiers and also that a 
biasing voltage is required for the forward 
coil for zero-adjustment purposes. Un- 
fortunately, the scale length of present d-c 
ratio instruments is limited to that of a 
90 degree instrument movement, and the 
scale is nonlinear. A comparison of the 
short-scale ratio instrument with a 270- 
degree-scale-movement aircraft-type mil- 
liammeter such as is used in the circuit of 
Figure 12 is shown in Figure 14. 


A greatly simplified torqtte instrument 
utilizing the magnetic strain gauge work- 


ing directly into an a-c ratio instrument is 
shown in the connection diagram of Figure 
15, in which voltage regulators, rectifiers, 
and all biasing circuits are eliminated. 
The stationary coil of the instrument is 
energized directly from the power- -supply 
source, and the moving coil is connected 
to: the bridge output. Current is con- 
ducted to the moving coil through soft 
gold spirals with a minimum of spring re- 
straint, and the moving element comes to 
rest when the inphase component of the 
voltage induced in the coil is equal to and 
opposes the bridge output voltage. Since 
the power factor of the stationary coil is 
usually quite low, the out-of-phase volt- 
ages induced in the moving coil are small 
and have a negligible effect upon accuracy. 
Physically the a-c ratio-instrument move- 
ment resembles the conventional fre- 
quency-instrument movement. Close 
coupling between the moving coil and the 
stationary coil is desirable in order to re- 
duce power requirements, and a lami- 
nated silicon steel or Hypernik magnetic 
structure is used. Long-scale or 270- 
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degree a-c instrument movements have — 
not yet been developed for aircraft use, 
and the a-c ratio-instrument airplane- 
engine torque instruments probably will 
have to wait until such movements are 
available in production. Figure 16 shows 
an experimental long-scale a-c ratio-in- 
strument movement for aircraft use com- 
pared with a modified wattmeter move- 


UNREGUL ATED 
AC. POWER 
SUPPLY 


BIAS AND REVERSE 
COIL RECTIFIER 


REVERSE 
COIL TORQUE METER 
PICK—UP 

D.C. RATIO METER 


Figure 13. Electric circuit for a magnetic — 

strain gauge or Magnetic-Coupled Torque- 

meter using an unregulated power supply 
and a d-c ratio instrument 


Figure 14. Aijircraft-type d-c milliammeter ea 
(left) and d-c ratio instrument (right) 4 
UNREGULATED _ 
A.C. POWER 
SUPPLY 


FIELD COIL 


AC. RATIO METER: 
TORQUE METER 
PICK-UP 

Figure 15. Electric circuit for a magnetic 

strain gauge using an a-c ratio instrument — 


Figure 16. A-c ratio instruments 


Experimental movement at left, modified watt- 
meter at right 
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or 


ment originally designed for marine use 
and therefore somewhat large and heavy 
for aircraft applications; both instrument 
movements operate successfully as a-c 
ratio instruments. 


Other Shaft-Mounted Types 
_ Without Slip Rings 


Several experimenters have made at- 
tempts to utilize various coupling schemes 


to permit the use of strain-resistive or 


strain-capacitive gauges mounted directly 
upon the rotating shaft without using slip 
tings or electric connections. 
sensitive capacitors have been mounted 
directly on the torque loaded shaft with 
their terminals connected to the second- 


ary coils of transformers, these coils com- 


pletely encircling the shaft and rotating 
‘with the shaft; the primary coils’ of the 
transformers are stationary and also en- 
circle the shaft assemblies and the rotat- 
ing coils, Mutual inductance between the 
primary and secondary coils of the rotat- 
ing transformer thus formed constitutes 


- the link between the stationary instru- 


ment circuit elements and the strain- 
sensitive capacitor on the loaded shaft. 


Coils also have been placed close to or - 


encircling shafts to cause magnetic:flux to 


' flow in the surface of the shaft itself or 


through special surface coatings on the 
shaft, so that, when the shaft is twisted 
under torque loads and the magnetic per- 
meability and electrical resistivity of the 
shaft change, such changes are reflected as 
changes in impedance of the flux-inducing 
coil or coils. This magnetic skin-effect 
method of torquemeasurement is sensitive 
to temperature, shaft bending, mechanical 
and magnetic hysteresis, and thrust loads. 

Relatively high-frequency (kilocycles) 
power supplies are required for the afore- 
mentioned two schemes, and amplifiers 
are required between the shaft unit and 
the indicating instrument. The magnetic 
skin-effect or magnetostriction torque- 


_ instrument shaft element approaches the 


ultimate in design simplicity; and if 
means of eliminating temperature errors 
and hysteresis effects can be found, the 
simplicity of the shaft element may offset 
the disadvantages and difficulties of high- 


_ frequency power supplies and amplifiers. 
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Strain- 


High-Voltage Compressed-Gas Powe r 
Transformers 


HENRY M. HOBART 


FELLOW AIEE 


N a previous article,’ the author 


pointed out the many advantages of © 


high-voltage power transmission in com- 
pressed gas. Compressed CO, at the 
moderate pressure of 40 atmospheres (ab- 
solute) has a dielectric strength about 20 
times as high as that of air at normal at- 
mospheric pressure, and compressed SO, 
at 40 atmospheres about 30 times as high, 
so that the line conductors need be sepa- 
rated by only a few inches instead of the 


‘customary many feet and may, therefore, 


be enclosed in a reasonably small pipe line. 
This system offers opportunities for many 
important cumulative economies in the 


terminal equipment also, and this paper is - 


devoted to their discussion. It is shown 
that the use of compressed gas, instead of 
oil, as the insulating and cooling fluid 


makes possible power transformers that 


are only about one fourth as large as the 
present ones for the same duty, are for all 
intents and purposes nonaging, and are 
highly resistant to damage from internal 
arc-overs, besides many other advantages. 

While such transformers have not as 
yet been built, and further laboratory re- 


search is desirable on certain phases of the 


system, yet, based on the great economies 
shown by several exploratory designs 
listed in Table II, the author expects that 
the system will be adopted in the near 
future to transmit large amounts of power 
over great distances by transmission lines 
of very much higher voltages than hereto- 


fore and at frequencies as high as 600- 


‘ 


1,200 cycles per second. 


Important Facts Underlying the 
System 


The more important facts from which 


‘the various advantages of the proposed 


transformer system arise are as follows: 


1, The dielectric strength of some com- 
pressed gases is greater than that of oil. 


Paper 44-170, recommended by the AIEE commit- 
tee on electrical machinery for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted July 29, 
1943; made available for printing May 24, 1944, 


Henry M. Hopart i isa eau engineer, Sche- 
nectady, N. Y. 


The author is indebted to Glenn B. Warren for sug- 
gesting the investigation of underground high- 
voltage transmission in compressed-gas-filled welded 


‘ steel*pipes, to H. H. Skilling for encouragement de- 


rived from his article (reference 3), to the many 
engineers and scientists mentioned in reference 1, 
and to the author’s own associates. 


This paper is speculative and looks toward the 
future; consequently, it contains many statements 
of opinion for which there are no supporti1g data 
or facts. 
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blast transformers. 


_ sient voltages of steep rise and short dura- 


be unchanged. Compressed SO, at 40 at- 


Cumulative Failure of Solid 


2. Gases are not subject to cumula 
breakdown to which solid insulation- 
backbone of the present-day high-vo 
transformers—is subject. ; 


3. Gases have no dielectric loss and c 
therefore, be operated at 600-1,000 cy 
per second without any harm, making possi 
ble corresponding reductions in the sizes o 
the cores and also of the coils. - 


4. Unlike oil and the conventional so 
insulations used in transformers, gases 
not age and are not injured in any way 
moderately high temperatures, and the 
fore the cores of compressed-gas transf 
ers can be operated a couple of hundrec d 
degrees centigrade hotter than the winding 
and the windings a hundred degrees hotter 
than now to transform much larger kilo- 
volt-amperes per pound than heretofore. 


5. For heat transfer, compressed gases 
many times more efficient than atmosphi 
air used in the conventional ne air- 


: _ ; 1% 
These and additional facts and con- 
siderations are discussed below in | greater 
detail. 


Compressed Gases Versus Oil 


Table I shows the leading data on the 
60-cycle dielectric strength of several 
gases at various pressures and that of oil, 
It will be seen in the table that CO, at 40 
atmospheres absolute has a 60-cycle 
strength of 1,650 volts per mil as a 
750 volts per mil for oil—a ratio of 2 to 1 
in favor of the compressed gas. For | 


tion, such as the 1.5x40 standard impulse 
wave of the Institute, oilis credited with a 
strength of twice its 60-cycle value, where- 
as the strength of the gases is assumed to 


mospheres (2,400 volts per mil) is approxi- 
mately 50 per cent higher than that of 
either nitrogen or CO2. No data are now 
available on the impulse-strength r 
of compressed gases circulated at a hi: 
velocity. These may be higher than unity 
Laboratory investigation of them, in b 
uniform and nonuniform fields, is very de- 
sirable. 


Insulation Under Impulse a . 


As impulse voltages are of rare occur- 
rence and of very short duration, if a ga 
does not break down under the sudden 
stress, it probably will recover from the 


¥ 
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shock with its strength unimpaired. But 
with solid insulations a small permanent 
harm may be done without apparent 
failure, and this process will be cumula- 
tive. The overvoltage failure of a conven- 
tional oil-and-solid-insulated transformer 
will not take place necessarily at the first 
heavy surge occasioned by lightning, but 
after a number of such surges have pro- 
duced minute but progressive and cumula- 
tive impairments. Then, a less severe 
surge may cause an outage. 


Aging of Solid Insulation 


It is well-known that the customary 


fibrous insulations used in oil-filled trans- © 


formers age physically and become brittle 
at a rate twice as fast for every eight- 
degree-centigrade increase in temperature. 
Every substantial overload thus repre- 
sents a substantial shortening of the use- 
ful life of the transformer. _ Such an effect 


does not exist in compressed-gas trans- 


formers, and therefore short-time over- 
loads may be handled without any re- 
sidual harm. Such transformers will be 
practically nonaging. | 


Problem of Nonuniform Fields in 
Gases and Solid Insulations. 


Uniform distribution of voltage stresses 
_is, of course, desirable no matter what the 
insulation may be, but in transformers the 
compressed gases enjoy a particular ad- 
vantage over solid insulations. In solid 
insulations overstress implies cumulative 
damage, and, no matter how small the 
damage may be per day, cumulation of 
such damageimplies eventual failure. For 
this reason, in conventional apparatus, 
the bulk of the solid insulation is oper- 
ated at a very low and uneconomical 
stress. A good example of this is the slot- 
lining insulations in generators and mo- 
tors. The slot lining of a high-voltage 


stator winding may prove in the labora-, 


tory a strength of several thousand volts 
per mil in a uniform field and yet, based 
on experience, be operated at only 30-60 
volts per mil on the average. 

Because of the greater electronic mobili- 
ties in gases, it is wise to proceed at first 
with generous margins of safety in com- 
pressed-gas apparatus, until a sufficient 
amount of service experience is gained, 
but such .margins of safety’ are more 
economically practicable with compressed 
gases than with oil and solid insula- 
tion, 


Value of High Frequencies | 


One of the major economy factors in 
this system is the use of 600-1,200-cycle 
frequencies made possible by the replace- 
ment of oil and solid insulation by com- 
pressed gas. If compressed gas is used in 
combination with these higher frequencies, 
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sizes drop to about a fourth of their pres- 
ent values. 


The voltage produced ‘by a given flux 


varies directly with the frequency. At ten- 
fold frequency the voltage, and hence the 
kilovolt-amperes, is ten times as large for 
the same flux, or the flux required for the 
same kilovolt-amperes is only one tenth 
as large. Since, however, at constant flux 
density, core lossincreases with frequency, 
the same high flux densities may not be 
used at tenfold frequency as at normal, 
and the full tenfold benefit may not be 


Table l. Dielectric Strength of Four Gases and 


Commercial Transformer Oil 


Tested at 60 Cycles Between Two Spherical 
Electrodes of 2,500-Mils Diameter With a 
100-Mil Gap 


Gas Pres- 


sure in At- Volts Per Mil (Crest) 


- mospheres 


Absolute Air Nitrogen CO: SO. Oil 
LRN POR ea) 7a. te, DUO AEG 
20....1,800....1,000....1,000....2,000 
40,...1,850....1,450....1,650....2,400 


60....2,100....1,550....2,250 


secured; ‘yet, by virtue of the permissible. 


high core temperatures and by the use of 
seven-mil sheet steel it is possible to use 
sufficiently high flux densities to afford the 
great economies indicated. 

Departure from 60 cycles at this late 
date may appear to some as impractical, 
but the best economic course is to utilize 
600 cycles (or more) for the major high- 
voltage transmission system and network 
of any single enormous territory, and em- 
ploy frequency changers or rectifiers 
where the service demands a different fre- 
quency or direct current. 

These higher frequencies reduce the size 
not only of the big terminal equipments 


' but also of all power transformers used in 


the industry. Rectifier installations for 
electrometallurgical and electrochemical 
processes, as for the production of alumi- 
num and magnesium, include already 
several millions of kilovolt-amperes . in 
step-down power transformers. Rectifier 
applications (all requiring special step- 
down transformers) for railways, steel 
mills, mines, and shipyards are rapidly 


growing. An increase of 10 to 1 in fre- 


quency, with compressed-gas insulation, 
will reduce the size and cost of these trans- 
formers to about one seventh. 


These higher frequencies are particu- 


‘larly advantageous in welding as to speed, 


quality, safety, and various other eumula- 
tive economies. Thea-c arc is more stable 
and produces a better weld at the higher 
frequencies, and therefore greater speeds 
and lower voltages may be used. The 
combination of lower voltages and higher 
skin effect will greatly reduce shock haz- 
ards to the operator from accidental con- 
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tact with live electrodes. Careful tests to 
confirm these conclusions ought to be 
undertaken as soon as possible. . 

Resistance-welding and flash-welding 
systems also will benefit as to speed, 
quality, and greatly reduced cost of 
equipment, from a tenfold increase in 
frequency. 


Effect of High Core Temperatures 
on Efficiency and Economy 


As far back as 1911 and 1912 MacLaren 
published his researches demonstrating 
substantial reductions in core loss at in- 
creasing core temperatures.? As core tem- 
peratures heretofore have been limited to 
about 90 degrees centigrade to avoid the 
sludging of oil, now, with the replacement 
of oil by compressed gases, it becomes pos- 
sible to operate the transformer cores at 
temperatures as high as 300-325 degrees 
centigrade, so as to realize corresponding 
reductions in core loss and secure great 
economies in core material by operating 
the cores at higher frequencies and flux 
densities than now possible. 

These high temperatures are particu- 
larly advantageous in the case of those 
compressed gases (as SOz) which tend to 
liquefy at the lower temperatures. 


Thermal Screening of Windings 


In a compressed-gas design the wind- 
ings also will be operated at higher tem- 
peratures (though not so high as the core 
temperatures), so as to enable them to 
carry greater loads per pound. Higher 
winding temperatures naturally tend to 
raise the J?R, but in this system a higher 
iron-to-copper ratio would be maintained 
using relatively more flux and fewer turns, 
and thus the increase in the /?R due to 
higher temperature will be small and may 
be offset by operating the core at a still 
higher temperature. 

With core temperatures of the order of — 
300 degrees centigrade the winding tem- 
peratures should be 100 degrees less, in 
which case provision must be made for the 
thermal screening of the windings from 
thecore. Excellent high-temperature ma- 
terials are now plentifully available for 
turn and layer insulation and for spacers 
and strengthening supports, and for 
screening the windings from the core. 
Mycalex, asbestos, lava compositions, or 
ceramic materials in suitable thicknesses 
easily will withstand a temperature drop 
of 100 degrees centigrade between core and 
windings. 


Heat-Transfer Procedure 


The stream of circulating gas will be 
heated by the transformer losses as it as- 
cends from the bottom to the top of the 
transformer, Above the transformer, or 
in the upper portions of the tank, con- 
densation may be effected by providing a 
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region of lower temperature or through an 
external heat exchanger. 


The circulation speed of the gas will be - 


high—500-1,000 feet per minute, con- 
trolled by a fan or blower. 

As the core will operate around 300 de- 
grees centigrade, and there will be a drop 
of about 100 degrees centigrade through 
the thermal barrier, the ascending gas will 
flow over barrier surfaces at a temperature 
of about 200 degrees centigrade. By vir- 


~ tue of the high rate of flow of the gas, no 


portion of it will acquire a temperature 
higher than 150 degrees centigrade. 
The hottest parts of the windings may 


attain a temperature in excess of 200 de- 


grees centigrade, the surface drop prob- 
ably exceeding 75 degrees centigrade, and 
the average copper temperature by resist- 


‘ance being of the order of 170 degrees 


centigrade. 
These hypothetical temperature values 


are chosen as well suited to the use of SO2 


at 50 atmospheres. 

As a comparison between the heat- 
transfer capacity of compressed gas and 
air at atmospheric pressure, it may be 
pointed out that SO, at 50 atmospheres is 


about 71 times as efficient as atmospheric 


air for equal volume. This is based on a 
specific-gravity ratio of 110:1 and specific- 
heat ratio of 0.154:0.237, excluding con- 
siderations of viscosity and contact re- 


sistance. Thus, instead of the 130 cubic 


feet of air per minute per kilovolt- -ampere 


for 55 degrees centigrade rise allowed in 


air-blast-transformer practice, only 1.8 


cubic feet of compressed SO, at 50 atmos- 
pheres would be +i giaee 


Supporting of Tra astornes Tanks 
The forces exerted on the tanks by the 


compressed gas can be taken care of by 
the combination of: 


(a). Providing a tank-wall thickness of 5/5 
inch. : 
(b). Providing internal braces in the form 


of tie rods of a nonmagnetic alloy. 


(c). Locating the tank in an underground 
pit and filling in gravel and cement between 


the tank walls and the pit walls to provide 


support for the tank walls. 


a 


Comments on Sulphur Dioxide . 


If absolutely free from all trace of mois- 
ture, SO, gas is quite noncorrosive to some 
metals up torather high temperatures. It 


costs only six cents per pound, whereas 


many otherwise attractive insulating gases 
are rather expensive. In a metal-sealed 
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condensation temperature 120 degrees 


developed to render the metal surfaces 


hotter than the condensing temperature of 


Five Exploratory Compressed-Gas Designs for Power Transformers t 


Table Il. 


: A Beis ce D 
Rated output (in kilovolt-amperes)... 20,000 . .20,000 -, .20,000 ..50,000 .. Bat ie. 
Periodicity, N (cycles per second)..... 60 600 : 1,200 5 1,200) he ee 
Primary voltage (kilovolts)........--- 80 80 80. 200 f 5 
Primary turns (T)......-+ +2 ese eeeee 240 » 160 132 180 s 200 F 
Magnetic flux (M) (megalines).......-+ 126 18.8 11,4 21.0 ; 32.5 
NMolts per tietigh seo aacrn oie eis cine  eoster 333 500 605 1,110 » + 1,730 A 
Space factor (in winding Sidaee Waspiahs 0,158 Ont 0.110 0.087 . 0.054 
Gross stacking height (inches)........ 80 65 58 80 Bat 100 ' 
Primary plus secondary J?R losses at 5 
rated load. Power factor =1.0 and J 
170 degrees centigrade (kilowatts)... 142 7 54 103 168 
Core loss (kilowatts)........-+++2---- 42 62 73 184 430 
Allowance for stray load loss plus 4 
ventilation (kilowatts)..........-++ 10 15 25 50 75 
Total losses, power factor=1.0 : j 
(Kilowattts)).ts aj0,s « stp Walon ialedeiere ome 194 . Lb4 vn LOOK oe 337 673 
Rated load efficiency, power factor = 7 : 3 
1,0) (Der icent)y ciel Bie. wloiey ope ela iste sao 99.0 99.2 99.2 99.3 99.3 
Weights ’ f j ‘ 
Lamiinationg=)../1e > sacesuinn patie a ol ale 63,000 ', .15,500 ..12,100 ——-. .30,600 é av t23000: 
Conductors (aluminum)............ 1,700 900 : > O00 . 2,200 1,900 
Allelse (including tank, ventilating ARs, ; : 
equipment, insulation, and so v5 a 
forth) 33 cee siesta eee 19,300 4, 600 3; 700 9,200 21,800 
Totalsweieh ei relcis vk atone aces 84,000 . .21,000 . -16,400 | .41,000.  .. 95,700 
Total weight per kilovolt-ampere..... 4.2 D054 2 O82 0.82. 24 0.96 
Per kilovolt-ampere weight of , -. 
Laminations...... APRA rik phe ae Ce Aare QT Si. a 0.61 O61 in 0.72 
Cond fittorsis A. appar eaten marmer 0.085... 0.045 .. 0.030 .. 0.024 .. 0.019 
‘Laminations plus conductors,......... 3.3 0.82 0.64.) 0.63 — 0.74 
Laminations plus conductors in per , , 
79 78 78 7 AC 


cent of total weight (per cent)...... 


These exploratory designs were carried only far enough to disclose trends deaxty: to ascertain and chieede the } 
general consequences of employing periodicities of 600 and 1,200 cycles per second, Attention is called ea 
the fact that the conductor is of aluminum. 3 j 


* 
+ 


the designs (A, B, and C for 80 kv) arefor — 
20,000 kva each, one at 60 cycles, one at 
600, and the third at 1,200. Design Dis — 
for 50,000 kva at 1,200 cycles per second, 
and E for 100,000 kya at the same fre- 
“quency. 


Design A (60 cycles per scene} fas a 
per kilovolt-ampere weight of 4.2 pounds, — 
which is approximately half that of a con- 
ventional oil design, whereas designs B 
and C have weights of only 1.05 and 0.82 
pounds per kilovolt-ampere, respectively. 
The full-load efficiencies vary from 99.0 
per cent at 60 cycles per second to 99.2 — 
per cent at 600-1,200 cycles per second, — 
and can be made higher if desired. In — 
order to save on critical materials alumi- 


In this, as well as in all other ‘gases, ‘num, instead of copper, is figured ¢ on in- 
condensation of the gas on those portions jj of these designs. 


of the system which need insulation must 


be prevented by k th | " 
Pp ed by keeping those parts References 


transformer tank complete absence of. 
moisture may be maintained. Although 
more tests are desirable on the effect of 
temperature and pressure on the corrosive 
properties of this gas, rough tests indicate 
that a pressure of 40 atmospheres is en- 
tirely safe. At this pressure its dielectric — 
strength is 2,400 volts per mil and the 


centigrade. At 50 atmospheres its dielec- 
tric strength is 2,500 volts per mil and 
condensation temperature 130 degrees 
centigrade. Doubtless reliable surface 
treatments (such as enameling) could be 


immune from attack at much higher tem- 
peratures. 


the compressed gas. ' 
} 1. TRANSMISSION OF POWER IN COMPRESSED- 
L > Gas ArmospHeRES. Journal Franklin Institute, 
Exploratory Designs September and October 1942, pages 251-73, 331-58. 


2. Tue Errect oF TEMPERATURE UPON THE 
HysTEeresis Loss 1n SHeet SteeL, Malcolm Mac- 
Laren. AIEE Transactions, voltime 30, 1911, — 
pages 761-75; volume 31, 1912, pages 2025-35. ‘ 


ake H. Skilling. Electrical World, Pebraary 15, 


Five designs are exhibited in Table II 
in just enough detail to disclose clearly the 
trends and illustrate the potentialities of 
compressed-gas transformers. Three of 
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_ Pentode Ignitrons to Electronic 


Power Converters 


H. C. STEINER 


MEMBER AIEE 


Synopsis: The name “pentode ignitron” 
has been applied to a high-voltage tube used 
for rectification and inversion in electronic 
converters. It is a sealed steel tube having 
an anode, three grids, and a mercury-pool 
' cathode. The tube is of the gas-filled type 
with control characteristics similar to those 
of the thyratron. An ignitor establishes a 
cathode spot each cycle on the mercury pool. 
The cathode spot is stabilized at low anode 
currents by the use of an auxiliary holding 
anode. 
somewhat similar to those in the pentode 
vacuum tube, but the manner of use is quite 
' different. The first grid, or one nearest the 
anode, is used as an intermediate anode to 
divide potential gradients across the tube 
during nonconducting periods. The sec- 
ond, or center grid, is used to control the 
starting of the conduction period and the 
third, or outer grid, as a shield to permit 
rapid deionization of the space between the 
control and shield grids. 
The introduction of multiple grids in 
ignitron tubes provides certain character- 
istics which are essential to inverter opera- 
tion. 
scribe some of these characteristics, and the 
design and construction a5 the pentode 
ignitron tube. 
These tubes are the ones installed in the 
power converter described i in the companion 
papers.!.5—8 


1 


HE history and development of suit- 
able electronic tubes and circuits for 
high-voltage power- conversion | systems 


| is discussed in a companion paper.! 


Briefly, the first power unit after labora- 
tory tests consisted of a 40-60-cycle 
5,000-kw power converter. The tubes 
for this unit were of the thyratron* type. 
The nonsynchronous link operated at a 


Paper 44-147, recommended by the AIEE com-— 


mittees on electronics and industrial power applica- 
tions for presentation at the AIEE summer tech- 
nical meeting, St. Louis, Mo., June 26-30, 1944. 
Manuscript submitted April 27, 1944; made aul: 
able for printing May 18, 1944. 


H. C. Srerner, J. L. ZeuNeER, and H. E. Zuvers 
are in the electronics department, General Electric 
‘Company, Schenectady, N 4 


_* Thyratron is a generic term describing a gas- 
discharge thermionic-cathode tube in which one or 
more grids control the starting of the current elec- 
trostatically. ~~ = 
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J. L. ZEHNER 


ASSOCIATE AIEE 


rent of approximately 


The functions of the three grids are — 


It is the purpose of this paper to de- © 


H. E. ZUVERS 


ASSOCIATE AIEE 


direct potential of 30,000 volts and a cur- 
170 amperes. 
Power from the 40-cycle system was con- 


- verted to direct current through 12 phano- 


tron tubes connected in a cascade ar- 
rangement of two three-phase double-way 
rectifier circuits. The direct current was 
converted to 60-cycle a-c power through 
12 thyratrons connected in a similar 
arrangement of double-way inverter cir- 
cuits. Initial operation was remarkably 
free from any basic trouble. Operation 
over a period of some five years demon- 
strated the complete practicability of 


sealed electronic tubes for this type of 


service. 


The development of the ignitor? aren 
the possibility of utilizing the control 
features of the thyratron design in a tube 
having the inherent high-current capacity 
of the mercury pool. Operating experi- 


ence with sealed steel ignitrons* which 


were developed for service in the 250- to 


600-volt power-conversion fields indi- 


cated the basic soundness of the ignitron 


principle of starting a new cathode spot | 


each conducting cycle. These ignitrons 
are of sufficient current capacity to give 


power rectifiers of 75 to 1,000 kw, de- 
' pending on voltage. 


Similar ignitrons 
operate in welding service with precise 
cycle-by-cycle control of currents from 
1,000 to 10,000 amperes. The rectifier 
ignitrons were designed to have the lowest 
possible arc loss consistent with essen- 
tially complete freedom from arc-backs 
under normal operation conditions. The 
designs consist of an anode, a mercury- 
pool cathode, ignitors, and a _ small 


auxiliary anode for maintaining the 
cathode spot during the normal conduct- 


ing period in case the main anode current 
falls below the value (about three am- 
peres) at which the arc is stable. There 
is a minimum of shielding. Voltage con- 
trol is obtained by shifting the phase 
angle at which the ignitor is fired. Varia- 


tion in the starting or ignition time is 


small (of the order of 50 to 100 micro- 
seconds) with the usual excitation cir- 
cuits.4 Deionization time at the end of 
conduction is relatively long because of 
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the open construction. Deionization time 
in an ignitron is the time required for the 
ionization in the space to decay suffi- 
ciently so that cathode spots are not re- 
established if the anode is made positive. 
In a thyratron, it is the time required for - 
ion sheaths to close the holes in the grids 
and effectively isolate the anode from the — 
main body of the tube. Ignitron tubes 
have operated successfully as inverters,® 
but the required commutation time is in 
general too long to permit optimum 
operation. 
control characteristics of the thyratron 
tube for accurate starting and rapid de- 


ionization, in combination with the high __ 


current capacity of the mercury pool, 
seemed to offer attractive possibilities 


for the design of higher-voltage higher- _ 


current tubes. 
/ 
Description 


The pentode ignitron tube consists of an 
anode, a mercury pool cathode with ig- 
nitors and auxiliary anodes, and three 
grids. The similarity of the construc- _ 
tion—an anode, three grids, and a cath- 
ode—to that of the pentode vacuum 
tube, suggested the use of pentode igni- 
tron as a name. The general design is 
shown in Figures 1 and 2. The anode is 
surrounded by the grids. Starting from 


the anode, the first grid acts as an inter- 


mediate anode to divide potential gradi- 
ents during nonconducting periods. The 
next or control grid determines the time of 
starting and reduces the deionization 
period at the end of conduction. The 
outer or shield grid acts in a dual capacity 
to pick up the arc at the beginning of con- 
duction and to shield the rest of the grid— 
anode structure from residual ionization 
after conduction. The cathode has three 
ignitors, only one of which need be used 
at a time. There are also two auxiliary 
holding anodes. One auxiliary anode 
maintains cathode-spot excitation for 


low anode currents and the other is used 


for control purposes as described later. 
The tube conversion capacity is of the 


Table | 
Maximum peak inverse or forward voltage, 
bs OPES ee et ye 20,000 
Maximum anode current, amperes: 
Tastan taneous Jchaw). sca nits vin tet ate stale ele 900 
Average: 
ContingOUs, ss + «ska ee ee ee ee 150 
Two Hours’ sc nici. scdiele nae Wed FA fa (cae sheet 200 
One Mmingtes ha u-ok h vias ae ea re ee 300 
Minimum water flow, gallons per minute..... 3 
Minimum inlet water temperature, C........ 35 
Maximum inlet water temperature, C........ 45 
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For such service, the grid- 


— A TTT gg 


_ the operating voltage. 


‘| Figure 1. The pen- 
_ tode ignitron tube 
used in the 20,000- 


converter 


order of 1,500 kw per tube. Companion 


- papers®-® describe the installation and 


application of the pentode ignitrons in a 
20,000-kw 25-to-60-cycle electronic power 
converter. The converter is divided into 
two 10,000-kw units. Each unlit consists 


of two sections, a rectifier and an inverter, 


whose functions may be reversed, depend- 
ing on the desired direction of power flow. 
There are 12 tubes in each section con- 
nected in two three-phase double-way 
rectifiers in cascade. The nonsynchro- 
nous d-c tie operates at approximately 
30,000 volts and 340 amperes. 


Development 
The design of the tube is based on work 


by K. H. Kingdon and E. J. Lawton? on 
the cause of arc-back and on the possi- 


bility of increasing the operating voltage 


of gas-filled tubes through potential 
division. 
A single-anode tube has a fairly definite 
maximum voltage limit at which are-back 
occurs. | This limit depends on load con- 
ditions, vapor pressure, and tube design. 
Reduction of potential gradients by 
means of potential dividing anodes would 
seem to offer the possibility of increasing 
The principle has 
been successfully applied in high-vacuum 
rectifier tubes for X-ray service. In the 
case of gas-filled tubes, and particularly 
for tubes operating at relatively high cur- 
rents, it is impracticable to divide the in- 
verse potential at the end of commutation 
since the ion densities are too great. A 
few degrees later in phase angle, however, 
ionization has decreased to values which 
permit successful use of potential division. 
Are-back or inverse current conduction 
has been an interesting subject of discus- 
sion for many investigators.°-!2 The 
occurrence is definitely of a random 
nature, and the time may vary" from 
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kw electronic power. 


CONTROL-GRID 


immediately after conduction when ion 


densities are greatest to any point in the — 


inverse cycle. One obvious cause is too 
high vapor pressure due to lack of suffi- 
cient cooling or to mercury droplets 
striking hot objects and transiently in- 
creasing the vapor pressure above the 


‘voltage breakdown of the gas. The rela- 


tion between vapor pressure and tem- 


perature for equilibrium conditions is 
_ shown in Figure 3. Mercury droplets are 


ejected from the surface of the pool by 
the action of the cathode spots. These 


droplets leave the pool with a random ~ 


velocity so that the space above the pool 


and around the anode is filled with flying © 


droplets during both the conducting and 
inverse parts of the cycle. These drop- 


lets do not always cause arc-back even 


when striking a hot anode, but it seems 
probable that a sufficient concentration 


of them may well do so. 


As a result of tests on the influence of 
contaminating materials such as glass, 
quartz, asbestos, and so forth, on the rate 
of arc-back, the hypothesis has been 


Figure 2. Sec- 
tion through the 
pentode ignitron 
showing the gen- 
eral design 
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anode. If the potential gradient exceeds 


or not a sufficient potential gradient i: 
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Figure 3. Relation between mercury-vapor 
pressure and temperature for equilibrium con- 
: ditions : a 
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~~VOLTAGE 
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Figure 4. Single-tube inverter test circuit for 
investigating effect of circuit on arc-back rate 


, 


proposed by Doctor Kingdon | that arc- 
backs are due basically to the collection 6 
charges on small insulating patches on the 


the field emission requirements of th 
base material, arc-back results. Whether 
established depends on the rate at whick 
ions strike the insulating particle and the 
rate at which the charge leaks off. The 
rate at which ions strike the anode is pro- 
portional to the ion density in the space in 
front of the anode at the end of conduc- 
tion, and the negative voltage to which 
the anode is driven. The density of ioni- 
zation bears a direct relationship to the 
current, and at the end of conduction both 
the current and inverse voltage may be 
defined in terms of circuit parameters. 
Test results indicate that the rate of arc- 
back is proportional to the product of the 
initial inverse. voltage and the rate o 

current change. For each design of tube 


therefore, a rate can be determined 


terms of an arc-back factor 6 which wil 
Eni > as “ie 
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ARC BACKS PER HOUR 


50 100 5001000 


di ‘ 
ae AMPS/SEC x KV 


Figure 5. Relation between circuit arc-back 
_ factor V(di/dt) and rate of arc-back for the 
conditions shown in Figure 4 


permit its performance under other cir- 
cuit conditions to be predicted. That is: 


per 
di 
where : 


V =negative anode potential at end of com- 
mutation in kilovolts 


di 
=. =rate of current change at the end of com- 
mutation in amperes per microsecond 


Developmental tests under varying 
circuit conditions of current and voltage 
were made to determine the arc-back 
rate. The tests were made in a single- 
tube inverter circuit as shown in Figure 4. 
The duty was made sufficiently high to 
cause rapid failure (one to ten times per 
minute), and the data obtained are shown 


in Figure 5. The solid lines are a plot of | 


_the Poisson probability formula: 


P(n) = 


where 


P(n)=probability of arc-back (arc-backs 

per number of trials in unit time) 
w=average number of ions striking an 
area AA intime Af. This is propor- 


tional to mee 
pare dt 
n=number of ions striking AA in At 
time for failure d 
With the proper choice of 4 and m the 
curve may be made to fit the test data, 
and the probable.values of arc-back rates 


for more normal circuit constants deter- 
mined from its extrapolation. 
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Arc-back tests were also made under 
actual power conditions in a biphase 
single-way rectifier-inverter circuit shown 


_in Figure 6. The transformer capacity 


was of the order of 1,000 kw and the arc- 
back factor 1.5-2 for no phase retard. 
At 25,000 volts peak inverse, 150 amperes 
current, a limit of 60 degrees centigrade 
(24!/, microns) outlet water temperature 
was found. At 12,500 volts, 300 am- 
peres, the temperature was 71 degrees 
centigrade (50 microns). These ex- 
tremely high limits tend to reflect the gas- 
breakdown point for a particular pressure 
and spacing. 

Considerable experience and data are 
being accumulated to substantiate the 
validity of the insulating-patch theory 


Figure 6. A 1,000-kw operation-test circuit 


for rectification and inversion 3 


and the definition of circuit duty in terms 
of an arc-back factor. Correlation be- 
tween test conditions and actual perform- 
ance in power circuits is sufficiently close 
to indicate the importance of the concept 
in understanding the mechanism of are- 
back. 

Control measurements were taken with 
a rotary switch in the circuit shown in 
Figure 7. In this case, a quarter-wave of 


current is passed through the tube under 


test. At the peak of the wave, the cur- 
rent is rapidly commutated to a second 
tube. Shortly after this, the mechanical 
switch opens and at a given interval later, 


-a positive voltage is applied to the anode 


of the tube under test. Its ability to 
withstand this voltage is a measure of its 
deionization time, that is, its ability to 
regain control." 
results. The effect of gas pressutre and 
grid-circuit impedance is clearly indi- 
cated. 


Construction 


The pentode ignitron is arranged for 
water cooling, that is, the mercury-vapor 
pressure is controlled by circulating water 
of the proper temperature through a 


water jacket surrounding the tube walls. 


A spiral water guide imparts a velocity of 


‘approximately five feet per second to the 
water to insure efficient heat transfer. - 


An adequate amount of mercury-con- 
densing surface is provided in the tube to 
maintain a low vapor pressure during 
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PEAK ANODE VOLTAGE — KV 


Figure 8 shows the test — 


overloads and at the same time allow fora 
reasonable ‘variation of cooling-water 
temperature. Sudden increases in vapor 
pressure due to flying mercury droplets 
hitting hot anode and grid surfaces are 
prevented by the addition of a graphite 
splash baffle. The effects of ionization 
and vapor pressure are further controlled 
by suitable shielding in the anode stem 
and by the action of the grids, 
Electrode connections are brought out 
through permanently vacuum-tight insu- 
lation bushings consisting of high-resist- 
ance borosilicate glass sealed to fernico. 


All water-cooled surfaces of this tube — 


are made of stainless steel which is highly 
resistant to corrosion. The inner cylin- 


der is formed out of sheet material anda 


ya ees HIGH-VOLTAGE 
RECTIFIER Gears 
RS 


SYNCHRONOUS 
SWITCH 


HIGH-VOLTAGE 
SUPPLY 
Law] 


NEGATIVE 
SWEEP 


COMMUTATING 
CUIT 


Figure 7. peek 3° Sou cir- | 


cuit for determining the recovery of grid con- 
trol following commutation 


LIMIT OF | _y] 


ROTARY 
SWITCH 


to} 3) 10 15 20 25 30 
ELAPSED TIME FROM START OF COMMUTATION 
TO APPLICATION OF VOLTAGE—ELECTRICAL DEG 


ANODE 
VOLTAGE . 


Lest ELAPSED TIME 
Figure 8. Grid-control recovery character- 
istics following commutation , 


A 60C; control-grid resistance 500 ohms," 

QO 60C; control-grid resistance 100 ohms 

© 40C; control-grid resistance 100 or 250 
ohms 

e 40C; control-grid resistance 500 ohms 
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Figure 9. Arc-drop characteristics for cooling- 
water temperature of 30-60 degrees centigrade 


PEAK ANODE CURRENT — AMP 


Oa: ile) 20 30 40 50 
INLET WATER TEMPERATURE —C 


iFigvie 10. Effect of cooling-water tempera- 
tures on tube fault-current capacity 


vacuum-tight seam weld is made by arc 
welding.. After the anode and grids are 
properly assembled on the anode header, 
it is set into one end of the cylinder and a 
vacuum-tight weld made. The cathode 


: header is similarly assembled and welded 


to the other end of the cylinder to com- 
plete the vacuum envelope of-the tube. 

At this point the tube receives a very 
degassing treatment during 
which the mercury is introduced and at 
_ the end of which it is permanently sealed 
off from the pumping system. 

The outer cylinder, or water jacket, is 


formed from sheet material similar to the 


inner cylinder and its seam is fusion 


welded. After the water nipples are 


welded to it, the outer cylinder is slid over 
the tube and the ends are welded to the 
spacer rings. 


Characteristics and Ratings 


The general sequence of operation of 


the electrodes in the pentode ignitron is as 
follows. A cathode spot is established 
_ ‘for each conducting cycle by means of one 
of the ignitors. Auxiliary anode current 
starts as soon as the ignitor fires: The 
’ shield and control grids are then made 


positive, and conduction is established 


_ first to the shield grid, then the control 
and finally to the anode. Phase control 
is obtained, as described in a companion 
paper’ by simultaneously. shifting the 
ignitor, holding anode, and grid voltages; 
or the grid voltage may be shifted with 
respect to the ignitor. 

The introduction of multiple grids in 
the tube design considerably influences 
the tube characteristics. The arc drop is 
higher than that which is obtained in the 
lower voltage ignitrons. Figure 9 shows 
this characteristic. Some of the increase 
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in arc drop is due to the length of are path » 
The--are 


drop plotted i is the average value over the © 
conducting period, that is, the arc- -drop 


below the grids themselves. 


wave shape of gas-filled tubes is, in 
general, higher at the beginning of the 


period when there is a deficiency of ions — 


and vapor and lower at the end of the con- 
ducting period. These values may vary 
from the mean by one to two volts. For 
the data in Figure 9, the tubes were oper- 
ated in a three-phase single-way circuit 
with resistance load. The are drop was 
measured by means of a cathode-ray 
oscilloscope and amplifier with an in- 
verse-voltage blocking circuit. The ab- 
scissa is the maximum or peak of the cur- 
‘rent carried. 

The amount of fault current which the 
tube can conduct is shown in Figure 10. 
This characteristic is reduced by the in- 
troduction of multiple grids. Two dis- 
tinct phenomena occur depending on the 
mercury-vapor pressure. At low pres- 
sures corresponding to about 20 degrees 


centigrade, there is a tendency for surges - 


300 AMP 7777. 
. POTENTIAL OF ; ; 
AUXILIARY ANODE 


START OF 
SONS TION 


END OF 
CORE eee 


. lO0OVA-C SOSC 


CONDENSED MERCURY 
TEMPERATURE = 40 C 


one cycte————of 
Figure 11. Potential of a probe near the 


cathode used to indicate ion density noe con- 
duction 


if the current exceeds to any appreciable 
extent the value indicated. This phe- 
nomena is due to so-called “‘starvation”’ 
of the arc, In effect, all of the gas 
molecules in the grid openings are ionized 
and swept out of the immediate region 


‘before new molecules can diffuse in from 


the gas outside. The current tends to 
cease abruptly for an instant and this rate 
of current change, in connection with 
circuit inductances associated with the 
current path, generates high voltages. 
It is common practice in mercury-arc 
equipment to protect associated trans- 
formers with suitable resistance- -capaci- 
tance filters or Thyrite. 

At higher vapor pressures, correspond- 
ing to temperatures of 40 degrees centi- 
grade and above, and higher currents, the 
arc drop tends to reach a value where cath- 
ode spots may form spontaneously on the 
walls of the tube. If this happens too fre- 
quently, sufficient metal may be vaporized 
. into the mercury pool to cause wetting 
of the ignitors. Higher vapor pressures 
reduce the are drop and increase the fault- 
current capacity, and it is desirable to 
operate the tube at as high a vapor pres- 
sure as is consistent with freedom from 
arc-back or loss of control. The pentode 
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tion at low temperatures is limited. 


in this space during all of the invers 
-cycle. 


lished to the shield grid. and then to 


characteristics are debuted) in Table I. 


formance of the apparatus. 


s 2) 
ignitron tube was designed | to operate at 
the higher temperatures in order to mit 
mize water-cooling and heat-exchange 
problems. As a result, however, oper a 


In gas-filled ‘tubes having relative 
large open volumes, ionization is present 


It decays rapidly in, magnitude 
following the cessation of anode-current 
conduction. Figure 1 shows a (wee 


voltage on one of the auxiliary asa S 
used as a probe. The anode was con- 
nected through a one-megohm resistance 
to a 100-volt negative bias. The voltage 
trace shows clearly the rate of ionization 
decay and the need for the shielta@ 
construction. y: 

The grid-control charattencies are 
somewhat different from those of the 
usual thyratron. The “‘turn on” or firing 
conditions are essentially independent of 
the anode voltage in the range of 1,000 to 
30,000 volts. Both grids must be made 
positive to establish conduction. If 
either is negative, the tube will not con- 
duct. Conduction must first be estab- 


control grid. The optimum point | fo or 
this occurs at the peak of the ignition- 
current impulse when an ionization den- 
sity equivalent to the 40- to 50-ampere 
ignitor current is reached. Beyond this 
point, the ionization corresponds to that 
of the auxiliary-anode current and slightly 
higher shield-grid voltages are required. 
Under ordinary conditions, the shieldg 
grid ‘potential to establish conduction i 
of the order of 15 to 30 volts. Control- 
grid conduction voltages are correspond- 
ingly low. Figure 12 shows the grid- 
circuit control system used in the opera- 
tion test, Figure 6. : 
The essential ratings ‘defining ha tube 


Application 


The application of electronic tubes in- 
volves careful co-ordination of the tube 
characteristics with the circuit require- 
ments. The application engineer is con- 
cerned primarily with the over-all | per- 
The tube 
engineer must be concerned with the re- 
quirements as the tube sees them. While 
it is necessary to consider the average and 


mms voltages and currents, it is eek 


tory to consider the instantaneous. 
Figures 13 and 14 show the anode- 
current; and anode-to- -cathode-voltage 
wave shapes for a tube in a three- eee 
double-way rectifier and in an inverter. 
The voltage traces are the logical result of 
rectifier and inverter operation in a three- 
phase system. In the case of the rectifier, 
the anode voltage is driven sharply nega- 
tive at the instant the current transfer i: 
complete. The resultant arce-back facto 


_V(di/dt) and the stress on the tube will b 


high when the voltage is high. alt ted in- 
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DRY-TYPE transformer - may be 
“Sdefined asa transformer devoid of all 
liquids and one whose core and coils and 
associated parts are cooled by the natural 
or forced circulation of air. 
-Dry-type air-cooled transformers are 
not new; in fact, the first transformer 
ever built was of dry-type design. How- 
ever, until a relatively recent date, dry- 
type transformers have been usually of 
small kilovolt-ampere rating and low 
voltage, or of relatively large size of the 
air-blast type. These transformers have 
been constructed with organic insulating 
substances, known as class A insulation. 
Class A insulation is not fireproof. 
In 1936, a new kind of dry-type trans- 
former was developed.’ These trans- 
formers are now built in ratings as large 
as 4,000 kva and they are cooled simply 
by the natural circulation of air through 
their core and coil structures. With 
forced-air cooling the capacity of these 


These dry-type transformers are ex- 
plosion-proof and essentially fireproof 
because their major insulation is princi- 
‘pally air and porcelain. In fact, their 
insulation structures are made up largely 
of inorganic substances, such as porcelain, 


of these and other substances, bonded 
together with a heat-resisting varnish. 
Combinations of these substances are 


consideration of the series motor and per- 
haps even in the consideration of a shunt 
_ type of motor in which the armature re- 
action very seriously affects the field dis- 
tribution. However it is true that for 
motors of the aircraft type it probably 
will be found that under the normal op- 
erating conditions the strength of the 
series field is so great as substantially to 
saturate the magnetic structure of the 
‘motor and to produce conditions more 
‘nearly like those proposed in this discus- 
sion than might appear at first glance. 
It is probably also true that there is 
enough similarity between a series motor 
and a shunt motor to make the end result 
of an individual study of each reach ap- 
proximately the same conclusion. 


‘not included the study of the field struc- 
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‘ing substances. 


transformers may be increased materially. | 


_ glass, asbestos, and mica, or combinations. 


The procedure outlined in the paper has | 


; - ture of the machine, aiuotew actually, 
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now defined in American Standard C-57.1 
as class B insulation. 


Temperature Limitations 


Briefly stated, the present definition 


of class B insulation covers inorganic sub- 


stances such as mica, asbestos, and fiber 
glass in built-up form with organic bind- 
A small portion of class 
A materials may be used for structural 
purposes provided the electrical and 
mechanical properties of the, insulating 
structure are not impaired by a con- 


tinuous temperature of 130 degrees centi- 


grade. 

Although the continuous temperature 
limit specified for class B insulation was 
established some time ago at 130 degrees 
centigrade it is obvious from the definition 
of class B insulation that there might be 
different combinations of organic and in- 


organic substances that would have tem- 
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work which already has been carried out 
did include the field structure in order to 


.complete the story and obtain an accu- 
rate picture of the output per pound of 


active material in the motor. 

It is believed that the conclusions which 
have been reached in connection with the 
study should make it possible to compare 
motors of this type which differ greatly 
from one another in size more accurately 


‘than by the more conventional D?L 


method of comparing designs. 


General Comments 


As mentioned originally in connection 
with the comments on proportions of 
mechanical structures, 
which dictate that as the size of an elec- 
trical machine is increased indefinitely 
its proportions must change. For this 
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there are factors | 


perature limits varying over a consider- 
able temperature range. This is further 
indicated in AIEE Standards number f 
by the statement: ‘‘Materially higher 
‘hottest-spot’ temperatures may be satis- 
factory for particular forms of class B 
insulation, .’ Consequently, it has 


been recognized that certain combina-_ 


tions of these substances will withstand 
higher operating temperatures than 130 
degrees centigrade. 
of insulating materials has been used in 
developing the dry-type transformer de- 
scribed in this paper. 

Now, let us consider just haw these 


struction of these transformers so that 
they will give satisfactory service over 
long périods of time even though under 


‘sustained rated load their ‘‘hottest-spot” 


copper temperatures may be in exeess of — 
130 degrees centigrade. 


Figure 1 is a photograph showing the | 
‘structural detail of the type of winding 


commonly used in these transformers for 
operating voltages up to 5,000. Figure 
2 shows the type of winding used for 


voltages above 5,000 and up ee and in- . 


cluding 15,000. 


Winding conductors aré seh with 


glass or asbestos. Sections of the high- 


and low-voltage windings are separated, : 


by porcelain, mica, or asbestos. High- 
voltage windings are supported on por- 
celain. Porcelain is used to center the 
high- and low-voltage winding assembly 
on the core. | 


Table I. Insulating-Barrier Hottest-Spot Tene 


perature Rise Expressed as Per Cent of the 


Hottest-Spot Copper Temperature Rise 


Duct Width 


Duct Length, ———— isan 
. Inches 1/2 Inch 3/,Inch 11/2 Inches 
Ne cael oiehats’ BBisn cia cemerrs BA hee sents §2 
QQe sia nina ey (ore ae ee BBs. Sarkar 52 
Pn Ph eesti oat OF he ee ee 52 


reason, a study of machine effectiveness — 
made over a considerable range in size — 


must be accompanied by a review at in- 
tervals of the design limitations to make 


certain that a factor which was impor-— 


tant in a small machine does not become 


negligible in a large machine or vice versa. 


One important factor which was 


‘omitted purposely from the present study 


was the effect of iron loss. Such loss 
will be seen to vary in respect to the out- 
put as the output is increased while the 
flux density is maintained constant; be- 


cause with flux density constant the iron 


loss will vary as the first power of the 


Such a combination - 


Porcelain spacers form large — 


ty 


‘ 


insulating materials are used in the con-— 


*. 


- 


—t Nee 


*; 


as 


St eee 


ae 
2 a 
hs tel 


weight, whereas the output has been — 


shown to vary as the 5/; power of the 
weight. With two similar machines dif- 
fering in size the iron loss of the large 


machine should be less important in com- 


parison with the output. 
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air-ducts between sections of the high- 
voltage winding and between the low- 
voltage winding and the core. A clear 
cylindrical duct of air separates the low-. 
voltage winding from the high-voltage 
winding. Dirt which falls into this high- 
potential area simply drops through to 
the bottom of the transformer case. Hori- 
zontal creepage surfaces in high-potential 
areas are eliminated. High-voltage and 
low-voltage leads are supported on or 
terminated in porcelain insulators. . 
Figure 3 shows a cross section of a low- 
voltage and high-voltage winding and the 
- insulation structure. The windings are 
individually treated with a heat-resisting 
thermoset varnish and baked at a high 
- temperature. The core and winding 
assemblies are also treated with the same 
heat-resisting varnish and baked at a 
high temperature which eliminates the 
residual volatile matter. This treatment 
imparts a smooth, tough, glossy finish to 
the complete structure which makes it 
highly resistant toheat, dirt, and moisture. 
Glass, an inorganic substance, is highly 
resistant to temperature. It is also essen- 
tially nonhygroscopic. However, in or- 
der to insulate copper suitably with glass 
for use as a winding conductor, it is neces- 
sary to bond the glass fibers. and fila- 


Figure 1. Structural 

detail of a barrel- 

type low-voltage 
_ winding 
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Figure 2. Structural detail of a disk-type 
high-voltage winding 
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‘copper. 


‘ments mechanically to the copper. This 


bond imparts the mechanical stability 
required to use the insulated conductor in 
winding coils and assembling them into 
transformers. Tests made on windings 
treated with this bond show that it will 
withstand continuous temperatures of 
the order of 160 degrees centigrade for 
long periods of time with but little loss of 
its mechanical cementing properties. 


The insulation is not materially affected 


by an amount of moisture that may be 
expected under operating conditions. 
Operating experience has confirmed that 


it is not necessary. for the varnish to retain 


its original properties fully during the 
operating life of the transformers, as will 
be shown later. 


Temperature Distribution 


Let us now consider what the operating 
temperatures of the windings and the 
insulation structures may be and how the 
transformers are assembled to withstand 
these temperatures. 

According to American Standard C-57.1, 


dry-type transformers constructed with 
class Binsulation (combinations of organic - 


and inorganic substances) are permitted 
to operate at a continuous average copper 


temperature rise of 80 degrees centigrade, - 


measured by the resistance method. 
With the present maximum permissible 
temperature of 130 degrees centigrade 


for class B insulation and with an am- 


bient temperature of 40 degrees centi- 
grade the hottest-spot copper allowance 
in a transformer would be only 10 degrees 
centigrade. This seems inconsistent be- 
cause even in properly designed dry-type 


transformers of small kilovolt-ampere — 


rating, aside from those of large kilovolt- 


ampere rating, relatively high tempera- 
ture gradients may exist and it is not~ 


practicable to limit the hottest-spot al- 
lowance to 10 degrees centigrade. 

If we consider the actual temperatures 
to which the insulation of a dry-type 
transformer may be subjected, it is neces- 


/Sary to recognize the existence of tem- 


perature gradients within the trans- 
former itself. The, insulation nearest 
the winding copper is necessarily sub- 
jected to higher temperatures than the 
insulation physically removed from the 
‘Thus the turn insulation, 
directly in thermal contact with the 
copper, is, for all practical purposes, sub- 
jected to the same temperatures as the 
copper. On the other hand, insulating 


barriers which are not in thermal contact 


with the copper will be at appreciably 

lower temperatures than the windings. 
To obtain data on temperature gradi- 

ents within dry-type transformers, tests 


have been made on model winding assem- 


blies, representative of small as well as 
large transformers, and on actual trans- 
formers, to determine (a) copper tempera- 
tures and their distribution in the wind- 
ings of transformers as representative of 
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, 


. barriers. 


_ and high-voltage winding and the i 


the insulation in direct 
the copper, and (b) tem 
the insulating barriers in tran 
related to the copper temper: 
the space between the copper 


Figure 4 shows a model winding 
bly on which a series of tests were 
by passing a certain current throu 
winding until steady temperature co 
tions were obtained and recorded by 1 


i) N 


HIGH-VOLTAGE CONDUCTOR — 
_ GLASS INSULATORS 


ite |- 4 
of the low-voltage 
nsulatior 


z 
oe eee ar 


Figure 3. Cross ‘section 


structure . 


used because they afford the most suit 
able experimental means of measuring 


local temperatures. 


The winding assembly eonearad 0 


three sections, each section 15 inche; 
long. The three sections could be usec 


either separately or stacked one upon the 
other, thus giving three effective windin, 
lengths. The width of the cooling du 
separating the winding from the insulat 
ing barrier was made variable by using 
barriers of different diameters. Thermo 
couple junctions were soldered to th 
copper conductors. A three-quarter 
inch retaining collar at the ends of eacl 
section reduced the effective length of th 
winding assembly to 131/2 inches pei 
section. ie i ; a 
In all these tests, it was found that the 
hottest-spot copper temperature is’ lo 
cated at a distance of 10 to 15 per cen 
below the top of the winding, the highe: 
value applying to the wider ducts. Fo 
any specific duct width and length, th 
hottest-spot copper temperature rise wa 
found to be proportional to the averagi 
copper temperature rise, thus giving 
constant value for the ratio of th 
. | . oe 
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hottest-spot copper temperature rise to 
me average copper temperature rise. 
This ratio was found to vary with the 
width and length of the air duct separat- 


rier. This is shown in Figure 5. The 
highest value was 1.36 for the longest and 
marrowest duct. 

Due to the presence of a radial gradient 
and a reduced radiation at the ends of the 
winding because of the retaining collars, 
the ratio of the hottest-spot copper tem- 
perature rise to the average copper tem- 
perature rise may be expected to be 
#greater in the windings of actual trans- 
formers when compared with that ob- 
tained in.the model winding. ~ 

_ To determine the location of the hot- 
est-spot temperature in the windings of 
acttial transformers, a series of tests was 
made on a 300-kva 2,400-volt single- 
phase transformer, and on several 500- 
to 800-kva 13,800-volt three-phase trans- 
formers. All of these transformers had a 
pancake or disk-type outer high-voltage 
winding with three-eighths-inch air ducts 
separating the disk sections. A three- 
eighths-inch air duct separated the in- 
side of the winding from the outside of 
its insulating barrier. The inner or low- 
voltage windings were of the cylindrical 
or barrel type of two- and four-layer con- 
struction having air ducts from five- 
eighths inch to seven-eighths inch wide, 
separating the layers from each other, 
and from the inner and outer insulating 
barriers. 

The 300-kva transformer had a number 
of thermocouples placed in the low- 
voltage and high-voltage windings, the 
object being, primarily, to locate the 
hottest spot. Tests made on this trans- 
former show that- for the same average 
temperature in each winding, the upper 
portion of the inner or low-voltage wind- 
ing is considerably hotter than the hottest 
part of the outer or high-voltage winding, 


of the assembly in the upper part of the 


temperature distribution in the inner 
winding shows the existence of a tem- 
liperature gradient from layer to layer 
with the highest temperature in the 
outer layer. - 

} The highest value of the ratio of the 
Whottest-spot copper temperature rise to 
ithe average copper temperature rise re- 
icorded for natural draft operation on the 


( 500- and 800-kva transformers, was 1.41. 


iformers and with the same average copper 
| temperature rise, the value of this ratio, 
lin general, may tend to be somewhat 
higher. In particular, this may be due 


| 


which exists with high air velocities. 
itn an extreme case, however, a high value 
of the ratio of the hottest-spot copper 
emperature rise to the average copper 
emperature rise may be traced to an 
unequal lata of the air flow be- 
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ing the winding from the insulating bar- . 


thus definitely locating the hottest-spot . 


inner winding. A study of the radial. 


With forced-air operation of these trans- — 


ito the more turbulent action of the air. 


tween the phases of the transformer and 
a consequent inequality of the average 


copper temperature in the different 
phases. 

A comparison of actual copper and 
barrier” temperatures obtained is as fol- 


lows: Based on an average temperature 


“rise of the windings of 80 degrees centi- 
grade as determined by the resistance © 


method, the hottest-spot copper tempera- 
ture rise will range from approximately 
100 to 115 degrees centigrade. With 


Wi 9 


HEAT 
INSULATING 
ENCLOSURE 


Myf a IN: BARRIER 


=FIL! ER 


_ THERMOCOUPLES 


Figure 4. Model winding and barrier assem- 
bly used for temperature distribution tests 


an ambient temperature of 40 degrees 
centigrade the hottest-spot.temperature 
of the copper will range from approxi- 
mately 140 to 155 degrees centigrade. 
Data obtained on the model winding 
assembly, Figure 4, show temperatures 
on the surface of the insulating barrier 
adjacent to the winding but separated 
from it by air ducts of variable widths. 
Figure 6 shows a typical temperature dis- 
tribution in the winding and the barrier 


with a one-half-inch-wide air duct sepa- 


rating the winding and the barrier, Ex- 
pressed:as a fraction of the hottest-spot 
copper temperature rise, the value of 
the barrier hottest-spot temperature rise 
varies from 0.58 to 0.73. 

It has been shown that the barrier 
insulation in these transformers will oper- 
ate at appreciably lower temperatures 
than those of the windings. See Table I 
and Figure 6. From these data, it may 
be noted that the hottest- -spot tempera- 
ture of the barrier insulation in properly 
designed dry-type transformers having 
an 80-degree centigrade average winding 
temperature rise as measured by the 
resistance method will be approximately 
115 degrees centigrade; that is, it will 
range from 25 to 40 degrees centigrade 
below the hottest-spot winding tempera- 
ture. Life tests on the barrier insulation 
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used in these transformers show that it 
will withstand a continuous temperature 
of 130 degrees centigrade without detri- 
mentally affecting its electrical and me- 
chanical strength. 

It is important to note that none of 
the insulation which may reach a tem- 


perature in excess of 130 degrees centi- ~ 


grade is subjected to line-to-line or line-to- 
ground voltage stresses. The voltage 
where temperatures above 130 degrees 
centigrade may occur is limited to wind- 
ing turn-to-turn stresses which do not 
exceed 80 volts. — ‘ 


Service Tests 


A 500-kva 13,800-volt three-phase dry- 
type transformer was moved outdoors 


and given a rain test for 16 days with a 


water spray having a precipitation of 0.2 
inch per minute applied continuously 
around the case. The case had screened 
openings in the bottom and the top. 
The transformer carried no load but was 
excited at 13,800 volts for 16 out of each 
24 hours. During the period without 
excitation, the rain test was continued. 


After this extreme test, lasting for 16 | 


days, the transformer was subjected to 
the standard dielectric test of 31,000 volts 


from the high-voltage winding to the 


low-voltage winding and to ground for 60 


seconds with no signs of distress what- — 
ever. While these dry-type transformers — 


are intended only for indoor application 
where very little moisture is likely to be 
present, these results are reassuring when 
condensation or the effects of high 
humidity during installation and opera- 
tion are considered. 

A 150-kva 2,400-volt treerieaee dry-— 
type transformer, enclosed by an open- 
screened case, has been under test for 


more than 20 months, supplying power — 


for the operation of motors and other 
equipment. The load cycle begins each 
week at 8:00 a.m. on Monday. The test 


is conducted in a relative humidity of ap-— 


proximately 95 per cent and at a room 


temperature varying from 32 to 50 de-- 


grees centigrade. At 4:00 p.m. each day, 
through Monday to Saturday, the load is 
removed but the transformer is kept 
energized and left to ‘‘soak’’ overnight. 
From 4:00 p.m. on Saturday until 8:00 
a.m. on Monday, the transformer re- 
mains energized and the 95 per cent rela- 
tive humidity is maintained. Under 
these extreme-conditions this transformer 
has given continuous service and there 


are no indications of a deterioration of — 


the varnish or of the msulation. The 
test is being continued. 

Another dry-type transformer, en- 
closed by a sheet-steel case with louvers, 
having a normal rating of 480 volts, has 
been subjected to temperature and mois- 
ture tests for more than 2,000 hours, 
operating under the following cycle. 
The load was adjusted so that the average 
maximum continuous winding tempera- 
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‘ of the insulation. 


ture, determined by thermocouples, is 
175 degrees centigrade. The load is 
maintained for 16 of each 24 hours dur- 
ing five days of each week. At the end 
of each 16-hour load period, a water spray 
is directed against the transformer case 
for five minutes. Following this, the 
transformer is allowed to stand eight 
hours of each day without power applied. 
At the end of each weekly cycle, im- 
mediately following the last 16-hour load 
period, the standard dielectric test of 
4,000 volts is made from the high-voltage 


. winding to the low-voltage winding and 


to ground. Following this test, the 
water spray is applied for five minutes. 


_ ‘The transformer then remains de-ener- 
' gized for 56 hours when power is again — 

; : ' It is interesting to know that neither an 
explosion nor a fire occurred. It was 


—., DUCT WIDTH — INCHES © 


‘Figure 5. Variation of ratio of temperature | 


_ hottest-spot temperature rise — 
average temperature rise 
O—Duct length 15 inches 


+—Duct length 30 inches 
4—Duct length 45 inches 


applied and the weekly test cycle is ,re- 


peated. 


A careful examination of the! trans- - 


former after the 2,000-hour test period 
disclosed some deterioration of the var- 
nish but no insulation failures have oc- 
curred nor were there any indications 
of a decrease in the dielectric strength 
The test is being 
continued. : 


Operating Experience 


Many transformers of this type have 


' been in continuous operation for more 


than seven years. Today, there are 
neatly 2,000 transformers in service 
totaling approximately 1,000,000 kva. 
Never has a breakdown of the winding 
insulation occurred in any of these trans- 
formers which could be directly attrib- 
uted to an excessive hot-spot winding 
temperature, an accumulation of dirt, 
the effects of condensation, or operation 
in a humid atmosphere. 

With nearly 2,000 transformers in 
operation, four transformers have failed 
in service. It is of interest to note the 
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cause of these failures, the resulting 
damage to the windings of the trans- 
formers, and what was necessary to put 
the transformers back into service. 


A 600-kva three-phase 6,900-volt dry- 


type transformer flashed over as the 
result of a severe lightning surge. The 


voltage impressed on the high-voltage 


winding was estimated to be in excess of 
100 kv. Connected directly to the 
secondary of a large bank of power 
transformers, this dry-type transformer 
had no lightning protection of any kind. 
The high-voltage winding was severely 
damaged; the line leads and a consider- 
able portion of the winding were fused 
because the system breaker permitted 
arcing for a considerable period of time. 


necessary to replace the windings. 
A 1,000-kva three-phase 13,800-volt 
dry-type ~transformer was temporarily 


put out of service because of a lightning — 


surge. However, in this case, flashover 
occurred across two plain rectangular. 


H7/~6 


TEMPERATURE RISE — DEG C 


02) OB g) BRB C REE Siig mie 
DISTANCE FROM BOTTOM OF COIL— INCHES 
Figure 6. Typical curve of the temperature 
distribution in one section of a model winding 
assembly, showing the relation between the 
winding and the barrier temperatures for a 
one-half-inch duct width 


porcelain insulators which, were used to 
support the high-voltage leads. As a 
secondary result, a small are occurred 
at one point between the two outer turns 
of the top high-voltage coil section of 
one phase. The turn insulation was only 
slightly damaged. Permanent repair of 
the winding was made and the trans- 
former was put back into service within 
two hours after the failure. Later, the 
rectangular-shaped porcelain insulators 
were replaced with round corrugated in- 
sulators. 

Two other dry-type transformers failed 
after short periods of service. One fail- 
ure was caused by a short-circuit be- 
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a poor joint which punctured the in 


was caused by the flashover of a pore 


4 Oe to an excessive: accuse 


heavy overload. 


ny dry-type transformer, after having 


cg det! 


tween two Sdjacenb ‘burns: ‘in the Ben. : 
voltage winding, apparently the re ult 


tion. Repair was effected easily a1 
quickly. The other transformer oute 


lain lead support which may have 


sary was ae meulnee the ieed support 

There have been instances where 
number of these dry-type transformer 
operated at overloads ranging from 1} 
to 200 per cent of rated load for co 
tinuous periods of time in excess of £ 
hours. The windings must have | be & 
subjected to temperatures appreciably 
in excess of 160 degrees centigrade. 

For ay a bank of 150-kva 4, ,00¢ 0 


150 per cent ae roid load for a period 
nearly three days. This overload 0 
curred nearly four years ago. 
ee of ee patie ‘id no} 


Two years ago, Joie pate of fe y 
type transformers carried approximately 
double load for more than 24 hours 
These transformers have continued ~ 
operate without any ill effects of thi 


‘A 600-kva 13,800-volt three-pha: 


in service over one year, “was operate¢ 


- at 200 per cent of rated load for a perio¢ 


of 30 hours. It is estimated that the 
maximum temperature of the winding: 
was in excess of 225 degrees centigrade 
No failure occurred and the transformer 
continuing i in service. 


Conclusions: f a) Os 


Because the major dain of these 


dry- -type transformers is primarily air 


it is unaffected by temperatures withir 
the operating range. 4 
There are available special -windin; 
conductor insulations which come withi1 
the scope of the present definition — 
class B insulation. These conducto: 
insulations: will withstand satisfactorily 
hottest-spot temperatures in excess 
130 degrees centigrade. Other parts 
the insulation structure are subject te 
temperatures which are well within th 
established limits for the materials used 


Experience with dry-type transformer: 
of this type operating under extremely 
humid conditions show that the effect: 
of moisture are not a limiting factor. 


Tests on these transformers, togethe 
with an operating record of more that 
seven years, give ample proof that these 
modern dry-type air-cooled transformer: 
operating under normal as well as the 
usual abnormal conditions of service, may 


be expected to give continuous reliable 
service, 
fez 
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~ Bibliography of Relay Literature 
1940-1948 tits 


AIEE RELAY SUBCOMMITTEE 
Working Group on Relay Bibliography 


HIS interim report was prepared 


by the working group on bibliog- 


raphy of the relay subcommittee of the 
AIEE committee on protective devices, in 
order to make immediately available this 
material to the entire industry. Pre- 
viously it has been available only to the 
telay subcommittee in annual reports and 
then published at ten-year intervals. 
However, it was felt that the urgency of 
the relay problems brought about by the 
war emergency makes it desirable to have 
this information more generally available. 

A “Bibliography of Relay Literature, 
1927-1939” was published in pamphlet 
form in July 1941 and in the AIEE 
TRANSACTIONS, Volume se 1941, pages 
1435-47. 

The articles listed in this bibliography 
(1940 to 1948) include all those appearing 
in the AIEE TrRANsacTIons or ELECc- 
TRICAL ENGINEERING as well as in most 
of the chief technical publications of the 

world from January 1940 through Decem- 

ber 1943. These articles are subdivided 
into several sections. In each section the 
entries are numbered consecutively and 
listed alphabetically by years, the first 
significant word of the title determining 
‘the alphabetical position. 


* Section A. Line Protection— 
Be Distance 
1942, ‘ 


ae DISTANCE Protection, F. J. Lane. Electric 
Times (London, England), volume 102, August 20, 
1942, pages 256-9; August 27, 1942, pages 296-9. 


1943 


2. DtsTANcE RELAY PROTECTION FOR SUBTRANS- 
MISSION LINES Mape Economicat, L. J. Audlin, 
A. R. van C. Warrington. AIEE TRANSACTIONS, 
volume 62, 1943, September section, pages 574-8. 


3. Distance RELAYING WiTH Low-TENSION . 


Potentuts, J. L. Blackburn. Westinghouse Engi- 
neer, volume 3, May 1943, pages 61-4. 


4, PERFORMANCE REQUIREMENTS FOR RELAYS ON 
Unusuatty Lone Transmission Lines, F. C. 
Poage, C. A. Striefus, D. M. MacGregor, E. E. 
George. AIEE TRANSACTIONS, volume 62, 1943, 
June section, pages 257-83. Discussion, page 422, 


5. ProstEM—SoLuTion—TEstTs IN RELAYING 
270-Mrtx 154-Kv Line. Electric Light and Power, 
volume 21, February 1943, pages 36-41. 


6. Prorecrive RELAYING FoR LONG TRANSMIS- 
ston Linzs, A. R. van C. Warrington. AIEE TRANS- 


pL ORE Ses ERO SE ae a ee ae 
Paper 44-104, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEBE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 10, 
1944; made available for printing May 10, 1944. 


Personnel of working group preparing this interim 
report: C. E. Parks, H. F. Lindemuth, S. Gold- 


smith, C. L. Smith, George Steeb. 
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ACTIONS, volume 62, 1943, June section, pages 261-8, 
Discussion, page 427, 


Section B. Line Protection—Pilot 
Wire and Carrier Current 


1940 Ake ae 


1. CARRimR-CuRRENT Losses MEASURED AND 
INTERFERENCE MINIMIZED ON BOULDER Dam— 
Los ANGELES TRANSMISSION LinEs, J. D. Laughlin, 
W. E. Pakala, M. E. Reagan. AIEE Trangac- 
TIONS, volume 59, 1940, January section, pages 4-9; 
discussion, page 9. 


2. CARRIER-CURRENT RELAYING IMPROVED, S. L. 


Goldsborough. Electrical World, volume 113, 
January 1940, page 156. 
1941 


’ 
3. AN ImpROvED A-C PiLoT-WirRE RELAY, J. H. 
Neher, A. J. McConnell. AIEE Transactions, 
volume 60, 1941, January section, pages 12-17. 
Discussion, page 638. 


4, POSSIBILITIES AND MErTHODS OF EXTENDING 
CARRIER-CURRENT REEAY CHANNEL TO OTHER 
Usrs, R. M. Smith, S. L. Goldsborough. AIEE 
TRANSACTIONS, volume 60, 1941, January section, 
pages 23-7. Discussion, page 645. 


5. PowERTON-—CRAWFORD 220-Kyv LinE—Sys- 
TEM OPERATING FEATURES AND TERMINAL DE- 
sicn, H. E. Wulfing, T. G. LeClair. AIEE Trans- 
AcTions, volume 60, 1941, pages 1084-9; discus- 
sion, page 1304. 


6. SuPERviIsoRY Circuit CHECKS RELAY SYSTEM, 
R. M, Smith. Electrical World, volume 115, May 3, 
1941, page 1507. : 


7. Supervisory CrrcuitT PerRFoRMS DOoUBLE 
Durty, M. A. Bostwick. Elecirical World, volume 
115, June 28, 1941, page 2236. 


1942 


8. CARRIER-CURRENT RELAYING AND COMMUNI- 
CATION ON THE TVA System, M. S. Merritt, T. D. 
Talmage. 
November 1942, pages 561-72. 


9. CaARRIpR-CURRENT SotvES TVA RELAYING 
AND COMMUNICATIONS PROBLEMS, M. S. Merritt, 
T. D. Talmage. Elecivic Light and Power, volume 
20, September 1942, pages 48-57. 


10. MULTICHANNEL CARRIER-CURRENT Facixi- 
TIES FOR Power Line, P. N. Sandstrom, G. E 
Foster. AITEE TRANSACTIONS, volume 61, 1942, 
February section, pages 71-6. Discussion, page 
469. 


11, PrRotTection oF Pitot-WrreE Circuits, E. L. 
Harder, M. A. Bostwick. AIEE TransAcrTIons, 
volume 61, 1942, September section, Pages 645-51. 
Discussion, page 996. 


12. Revay Ats USE oF 3-TERMINAL LINES. 
Elecirical World, volume 118, August 22, 1942; page 
638. 


18. Sracep Fautt Tests on 154-Kv Line. 
Electrical West, volume 118, November 21, 1942, 
page 1708. 


1943 


14, A New-Typz CARRIPR RELAY PROTECTION 
E, M. Wood, H. W. Haberl, F. A. A. Baily. AIEE 
TRANSACTIONS, volume 62, 1943, December sec- 
tion, pages 774-9. 


15. Prmor-Wrre Circuits FOR PROTECTIVE RE- 
LAYING—EXPERIENCE AND PraAcTICE, AIEE com- 
mittee on protective devices. AIEE TRANSAc- 
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, TIONS, volume 62, 1943, May section, pages 210-14. 


Discussion, page 380. 


16. Prrot-Wire RELAYING ON A METROPOLITAN 
System, T. G. LeClair, E, L. Michelson. AIEE 
TRANSACTIONS, volume 62, 1943, August section, 
pages 511-15, 


17. Protection or THREE-TERMINAL LINES, 
M. A. Bostwick, E. L. Harder. Westinghouse Engi- 
neer, volume 3, August 1943, pages 76-9. 


18. ReELAy PROTECTION OF TAPPED TRANSMIS- 
ston Lines, M. A. Bostwick, E. L. Harder. AIEE 
TRANSACTIONS, volume 62, 1943, October section, 
pages 645-50. 


Cecion C. Line Protection— 


Ground Faults 
1941 


1. ANatyze Unusuat GRouND-RELAY PROBLEM, 
R. J. W. Koopman. Elecirical World, volume 115, 
May 17, 1941, page 1667. 


2. EartTH FAULT PROTECTION: Wee, Sore" IN 
PRESENT-Day MeEtuops, T. C. Gilbert. Electrical — 
Review (London, England), volume 128, May 1941. 


3. SENSITIVE GROUND PROTECTION FOR TRANS-— 
MISSION LINES AND DISTRIBUTION FEEDERS, E. Ty 
B. Gross. AIEE Transactions, volume 60, 1941, 
November section, pages 968-71. 


4. VOLTAGE-OPERATED EARTH-LEAKAGE PRO- 
Tection, T. C. Gilbert. Institution of Electrical 
Engineers Journal (London, England), volume 88, 
June 1941, pages 183-97. Discussion, June 1941, 
pages 197-221, August 1941, pages 365-70. 


1942 


5. Earta LrAKAGE Protection, W. Gray. Elec- 
trical Times (London, England), volume I01, Janu-— 
ary 8, 1942, pages 421-2. — ‘ 


« 
6. RELAYS AND BREAKERS FOR HicH-SPRED 
StncLE+POLE TRIPPING AND Recrosinc, S. L. 
Goldsborough, A. W. Hill, AIEE Transac- 
TIONS, volume 61, 1942, February section; pages 
77-81. Discussion, page 429. 


1943 ee 


7. FirteR Bans 25-Cycre From Grounp ReE- . 


vay, R. B. Squires. Electrical World, volume iy, 
June 26, 1943, page 88. 
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Line Protection— ; 
General . 


Section D. 


1940 — 


1. APPLICATIONS AND LIMITATIONS OF INVERSE= — 
TIME OVERCURRENT RELAY TO PROTECTION OF 
11-Kv Nerwork, R. H. Bousfield, J. W. Gallop. 
Institution of Electrical Engineers Journal (London, © 
England), volume 87, August 1940, pages eee 


- discussion, pages a ha 


_ 2. Brasep Diseeten ede RELAYS FOR FEEDER 


Prorecrion. Engineering Journal, volume 149, 
February 2, 1940, pages 125-6. 


3. PROTECTION OF HiGH-VOLTAGE TRANSMIS~ 

sIon Systems, P. Sporn. Electrical News and 
Engineering (Toronto, Ont., Canada), volume 49, 

June 15, 1940, pages 104-06, 111; July 15, 1940, 

pages 23-5. 


1941 


4, An IMPROVED PoLyPHASE Drmncivaiae ReE- | 
tay, B. V. Hoard. AIEE Transactions, volume 
60, 1941, May nection, pages 246-8. Discussion, 
page 633. 


_ 5, ContTrROLLED Time DELAy PREVENTS Favurty ~ 


TRIPPING OF CrrcuIT BREAKERS, G. D. Gamel. 
Power, Plant Engineering, volume 45, September 
1941, page 78. 


6. FUNDAMENTALS OF CO-ORDINATING FUSES AND 
Revays, R. M. Wilson, C. E. Cannon. Electrical 
West, volume 87, July 1941, pages 30-1. 


_7. How to Give Protector Tuses A CHANCE, 


S. L. Goldsborough. Electrical World, volume 115, 
June 14, 1941; page 2054, 
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'8. Novet ScHEME Co-oRDINATES RELAYS AND 
Fusep Taps, M. R. Howell. Electrical World, 
volume 116, August 9, 1941, page 430. 


9. SETTING oF OVERLOAD RELAYS: EFFECT ON 
CURRENT-TRANSFORMER BuRDEN, P. S. Roy. 
Elecirical Review (London, England), volume 128, 
April 1941, page 540. 


10. Some FraTuRES oF STEEL-PLANT PoweER- 
TRANSMISSION PROTECTION, F. O. Schnure. Iron 
and Steel Engineer, volume 18, November 1941, 
pages 30-2. 


1942 


11. Hicu-Speep REeLayine, W. A. Lewis. Pro- 
ceedings of the Midwest Power Conference, volume 
5, 1942, pages 137-55. 


12, How to CONNECT ContrRots, METERS, AND 
RELAYS FOR 60- anp 100-Kv TRANSMISSION LINES. 
Electrical World, volume 118, July 25, 1942, page 
"B22. 


13. How to Connecr ConTrRots, METERS, AND 


RELAYS FOR PARALLEL 200-Kv TRANSMISSION, 


Lines. Electrical World, volume 118, December 12, 
1942, page 1980. j 


1943. 
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_-14. A New HicH-Spzrep BALANCED-CURRENT 


j 


5 


Revay, V. N. Stewart. AIEE TRANSACTIONS, 
volume 62, 1943, August section, pages 553-5. 


tage ae. New Onr-Cycie DIRECTIONAL OVERCUR- 
RENT Reviay, W. C. Morris. AIEE TRANSACc- 
TIONS, volume 62, 1943, November section, pages 
725-7. ; 
16. DrrecTionaAL OVERCURRENT RELAy, W. C. 
. Morris. General Electric Review, volume 46, 
October 1943, pages 571-4. 


17. Tue PrincreLes or HicH-SpEED RELAYING, 
W. A. Lewis. Westinghouse Engineer, volume 3, 

August 1943, pages 91-4; November 1943, pages 
» 131-4, 


Section E. Bus Protection 
1941 : 


1. Bus PrRotTEecTION INDEPENDENT OF CURRENT- 
TRANSFORMER CHARACTERISTICS, G. Steeb, AIEE 
TRANSACTIONS, volume 60, nel September sec- 
tion, pages 859-62. 


2, QUADRUPLEX CHECKS DIFFERENTIAL RELAYS, 
J. H. Kinghorn. Electrical World, volume 116, 
November 29, 1941, page 1752. 


3. Retay Prorects Bus Wirh FEEDER REAC- 
rors, W. K. Sonnemann. Electrical World, 
volume 115, January 25, 1941, page 342. 
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4, 3 New SINGLE-PHASE-TO-GRouND FavuLt-DeE- 
TECTING ReLaAy, W. K. Sonnemann. AIEE TrRans- 
ACTIONS, volume 61, 1942, September section, pages 
677-80. Discussion, page 995. 


5. Arr-CorrE CourLers Srmpiiry DIFFERENTIAL 
Protection, E. L. Harder. Westinghouse Engineer, 
volume 2, May 1942, pages 43-5. 


6. Bus-Bar Protection: A Critical REVIEW 


_- oF MerHops AaNp Practice, M. Kaufmann, W. 


Szwander. Institution of Electrical Engineers 
Journal (London, England), November 1942. 


7. “Fauit-Bus DirreRENTIAL SCHEME PROTECTS 
Canoxra Bus, G. W. Gerell. 
volume 117, April 18, 1942, pages 1335-6. 


-8. LINeEAR CouPLERS FOR Bus Protection, E, L. 
Harder, E. H. Kiemmer, W. K. Sonnemann, E. C. 
Wentz. AIEE TRANSACTIONS, volume 61, 1942, 
May section, pages 241-8. Discussion, page 463. 


9, PREDICTING PERFORMANCE OF Bus-DIFFER- 
ENTIAL Systems, E. C. Wentz, W. K. Sonnemann. 
Westinghouse Engineer, volume 2, February 1942, 
pages 28-31. 


1943 


10. Damacz Locay anp Less Wirs Favutt-Bus 
RevayinG, I. C. Eppley. Electrical World, volume 
120, August 21, 1043, pages 633-4. 


11. Linear Couprers Usep FoR Bus PROTEC- 
zion, W. K. Sonnemann. Electrical World, volume 
120, July 10, 1943, page 86, 
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Electrical World, 


pages 164-8. Discussion, page 384, 


12. Tue: Errecr OF CURRENT-TRANSFORMER 
RESIDUAL MAGNETISM ON BALANCED- -CURRENT OR 
DIFFERENTIAL Revays, H. T. Seely, AIEE 
TRANSACTIONS, volume 62, 1943, April section, 
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1940 


1. A HrcH-Speep DIFFERENTIAL RELAY FOR 
GENERATOR Protection, W. K. Sonnemann. 
AIEE TRANSAcTIons, volume 59, 1940, November 
section, pages 608-12. Discussion, page 1250. 

2. PRoTEctING Motors IN THE STEEL MILL, G. 
A. Caldwell. Steel, volume 106, April 8, 1940, 
pages 60-2. : 

3. ReLAy AND CrRCUIT-BREAKER PROTECTION FOR 
De Macurnes, H. Bany. General Electric Re- 
view, volume 43, August 1940, pages 312-19. 
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4, CENTRIFUGAL RELAY Prorecrs TURBINE. 
Electrical World, volume 115, June 1941, page 2226. 


%. D-C Macuinrk FLASHOVER AND Bus SHORT- 


Circuit Prorsecrion, T. B. Montgomery, J. F.. 


Sellers. AIEE Transactions, volume 60, 1941, 
pages 1168-73; discussion, page 1372. 


6. Harmonic-CURRENT-RESTRAINT RELAYS FOR 
TRANSFORMER DIFFERENTIAL Protection, C. D. 
Hayward. AIEE Transactions, volume 60, 1941, 
pages 377-82; discussion, page 622. 


7. PROLONGED INRUSH CURRENTS WITH PARALLEL 
TRANSFORMERS AFFECT DIFFERENTIAL RELAYING, 
C. D. Hayward. AIEE Transactions, volume 60, 
1941, December section, pages 1096-1101. Dis- 
cussion, page 1305. 
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8. A Practical DISCUSSION OF PROBLEMS IN 


TRANSFORMER DIFFERENTIAL PROTECTION, P. W. 


Shill, AIEE Transactions, volume 61, 1942, 
December section, pages 854-8. Discussion, page 
1067. 


9. ApDED PROTECTION FOR eee Con- | 


DENSERS. Elecirical World, volume 117, June 27, 
1942, page 2238. * 
10. How to Connect CONTROLS, MSTERS, AND 


RELAYS FOR A-C GENERATORS. Electrical World, 
volume 117, May 16, 1942, page 1698. 


11. How tro Connect CONTROLS, METERS, AND 
RELAYS FOR STATION SPRVICE TRANSFORMER 


Banks. Electrical World, volume 117, May 2, 
1942, page 1541. - 
12. How to Connect ConTRoLs, METERS, AND 


RELAYS FOR SYNCHRONOUS CONDENSERS. Elec- 


trical World, volume 118, October 31, 1942, page 


1480. 


13. How to Connect ConTROLS, METERS, AND 
RELAYS FOR THREE-WINDING TRANSFORMER BANK. 
Electrical World, volume 118, iguer tats 19, 1942, 
page 966. 


14, Loss-or-Fiztp PROTECTION FOR GENERATORS, 
G. C. Crossman, H. F. Lindemuth, R. L. Webb. 
AIEE Transactions, volume 61, 1942, May sec- 
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15, A-C G®ENERATOR: PROTECTIVE EQUIPMENT 
In CONTINENTAL Practice, W. Szwander. Elec- 
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16. A New GeNneRATOR DIFFERENTIAL RELAY, A, 
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4. Factors ConrrisuTING To IMPROVING ELEc- 
TRIC SERVICE BY MEANS or HicH-SpEED Svar 
ING AND UTILIZATION oF STORED ENERGY, J. H. 
Miles, J. T. Logan. AIEE TRANSACTIONS, wotiinen 
60, 1941, December section, pages 1012-16. Dis- 


cussion, page 1407, marl . 


5. Five Vwar’s EXPERIENCE WITH ULTRAHIGH- 
SPEED RECLOSING OF HicH-VoLTaGre TRANsMis- 
sion Lines, Philip Sporn, C, A. Muller. AIEE 
TRANSACTIONS, volume 60, 1941, May section, 
Pages 241-6. Discussion, page 690. 
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Company, Inc., Brooklyn, N. Y., 1941.” 184 pages. 


13. ELrcrronic INTEGRATOR FOR COUNTING CiR- 
curr Contracts, G. W. Kenrick. Electronics, 
volume 14, March 1941, pages 33-5. 


14. . Evectronic RELAY WiTH IMPROVED CHAR- 
ACTERISTICS, R. C. Howes. Science, volume 93, 
January 1941, page 24. 


15. NeEw Frecps In Macnetic Contact RELAys, 
A. H. Lamb. Electronics, volume 14, February 
1941, page 31. 


16. Premiums From PRorscrive RELAYING, 
C. R. Mason. General Eleciric Review, volume 44, 
March 1941, page 181. 


17. Prorective RELAYING FoR ATTENDED PowER 
Puants, C. R. Mason. Power Plant Engineering, 
volume 45, December 1941, pages 77-9. 


18. RELAY Causes DELay or From vive TO 
Forty Cycrzs, C. T. Altfather. Electrical World, 
volume 115, March 22, 1941, page 1010. 


19. Sun-Spor DisTuRBANCE OF ‘TERRESTRIAL 
Macnetism, W. F. Davidson. EtecrricaL ENGI- 
NEERING, volume 60, February 1941, pages 72-5. 


20. SuPPRSENSITIVE RELAYS FOR PRECISION PER- 


FORMANCE. Elecirical Manufacturing, volume 28, 
July 1941, pages 49-52, 77, 98. 


21. SuppLeMENTARY RELAYS: Devices Em- 
PLOYED IN MoOpERN PROTECTIVE ScHEMEs, C, L. 
Lipman. Electrical Review (London, England), 
volume 128, February 1941, page 410. 


22. SysTeEM PROTECTIVE ANALYSIS PRECEDES 
Osweco Desicn, G. Steeb. ‘Electrical World, 
volume 116, November 1, 1941, page 1413. 


23. TEN YEARS’ PROGRESS IN RELAYING, AIEE 
protective devices committee. ELECTRICAL ENGI- 
volume 60, December 1941, 


24. Vacuum-TuBe Time-DrELay Revay, E. F. 
Serfass.. Industrial and Engineering Chemistry, 
analytical edition, volume 13, May 1941, page 352. 


25. WHEN SPECIFYING Revays, R. Vradenburgh. 
Electrical Manufacturing, volume 28, September 
1941, pages 44-7, 86, 88, 90. 
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26. EvecrricaL TiminG Devices: DIAGRAMS. 
Product Engineer, volume 13, January 1942, 26-7. 


27. Factors Wuich INFLUENCE THE BEHAVIOR 
oF DIRECTIONAL ReLays, T. D. Graybeal. 
TRANSACTIONS, volume 61, 1942, pages 942-52. 


28. How To DETERMINE RELAYING QUANTITIES 
BY THE USE OF SHQUENCE SEGREGATING FILTERS 
or Nerwor«ks. Electrical World, volume 117, 
June 13, 1942, page 2088. 


29. ‘Lonpex Time-DeLay Retay. Elecirician 
(London, eee), volume 128, March 6, 1942, 


page 193. 


30. MANAGEMENT OF Deoiscrevi GEAR . ON 
Power Systems, W. Casson, F. H. Birch. Journal 
Institution of Electrical Engineers (London, 
England), volume 89, part 2, August 1942, Bese 
317-41; discussion, pages 341-54, 


81. ProcrREss IN ReEwayinc, P. MacGatian: 
ELECTRICAL ENGINEERING, volume 61, February 
1942, page 106. 


32. RELAY AND CrecuITt-BREAKER APPLICATION, 
E. L. Harder, J. C. Cunningham. ELeEcTRICAL 
TRANSMISSION AND DISTRIBUTION REFERENCE 
Book, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., 1942. Pages 
229-72. ; 


33. RevLays CLAssIFIED BY TYPES TO SIMPLIFY 
THEIR SELECTION, R. B. Immel. Product Engineer, 
volume 13, October and November 1942, pages 
591-6, 647-52. ‘ : 


34. RELAY CONTACTS: 
Heavy-Duty PowprR-METALLURGY 


3 


New MATERIAL FOR 
PRODUCT, 
BOBUCE, 
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Electronics, volume 14, February 1941, 


AIEE° 


pages 


44, Time RELAY ExTENDS BREAKER LIFE. 


' 61. Protective RELAYS: 


Smver-NIcKeL Exvxonite, H. R. Brooker. Elec- 
trical Review, volume 130, May 22, 1942, pages 
651-2. 


35. RELAYING PrRorEcTs PowER-STATION Egurp- 
MENT, S. C. Leyland. Electric Light and Power, 
volume 20, March 1942, pages 58-61. 

) 


86. ReLay INvVERSE-TrME CHARACTERISTICS 
DouB_ep, G. Steeb. Electrical World, volume 118, 
October 31, 1942, page 1484. 


37. SEcTIONAL RELAY PANEL PERMITS REGROUP- 
ING, J. C. Woods. Electrical World, volume 117, 
March 7, 1942, pages 842-3. . 


38. SmeLe PHOTOELECTRIC Retray, E. B. Work- 
ing. Science, volume 96, September 18, 1942, 
pages 281-2. 


39. Some CANADIAN DEVELOPMENTS IN RELAYS 
AND ReEtay Applications, E. G. Ratz. Electrical 


’ News (Toronto, Ont., Canada), volume 51, Novem- 


ber 15, 1942, pages 31-3; December 1, 1942, 
pages 20-2. 


40. Sratic Revay, W. R. Thistlewaite. Electrical 


. Review (London, England), volume 130, February 


6, 1942, pages 167-8. 


41. TEMPERATURE CO-ORDINATION OF RELAYS 
AND Fuses, M. R. Howell. Electrical World, 


volume 118, July 11, 1942, pages 72-4. 
42. 


Time-DELay Revay, H.Seymour. Elecirician, 


‘(London, England), volunie 129, August 7, 1942, 


pages 142-3. 


43. Time-DELAY Recare AND THEIR CHARAC- 
TeRstics, R. B.Immel. Product Engineer, volume 
13, February 1942, pages 86-8. 


Elec- 
trical World, volume 118, July 25, 1942, page 326. 
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45. CoLtp-CaTHopE TuBES USED ON RELAYS, 
E. C. Schurch. Electrical World, volume 119, 
February 6, 1943, page 68; February 20, 1943, 
page 82; March 6, 1943, page 76; March 20, 1943, 
page 112. 


46. CoMBINE RELAY CASE AND TEst Swircs, S. 
C. Leyland. Electrical World, volume 120, Novem- 
ber 13, 1943, page 100. 


47. Contact Bouncs, P. H. Estes. General Elec- 
tric Review, volume 46, June 1943, pages 321-3. 


48. ImpRovED ForM oF SENSITIVE RELAY, V. 
Legallais. Review of Scientific Instruments, volume 
14, February 1943, pages 51-2. 


49. INSTANCE oF CorRROSION IN ELECTRIC RE- 
LAYS: PHOSPHOR-BRONZE SPRINGS, R. Wood, G. H. 
Wyatt. Journal of the Society of Chemical In- 
dustry (London, England), volume 62, July 19438, 
pages 110-11. 


50. Line RELAYED TO Apyust Loca STATIONS TO 
Loca Loans, J. F. Pennington, J. T. Logan. Elec- 
trical World, volume 119, pages 71-3. 


NoTEs ON THE NEW 
British STANDARDS SPECIFICATIONS, W. Casson. 
Electrical Review (London, England), volume 132, 
March 12, 1948, pages 346-8. 


52.. RELAyING Lines ApDED FoR ‘‘Bic INcH” 
Pumps, H. A. P. Langstaff. Electrical World, volume 
120, September 18, 1943, pages 108-10. 


58. TEMPERATURE RELAY CuTS PowER LOAD, 
A. G. Johnson. Electrical World, volume 119, 
February 20, 1943, page 620. 


54. THYRATRON THERMAL Re vay, D. Ritesabored 
I. Sucher. Review of Scientific Instruments, volume 
14, PRESSE 1943, page 51, 


Section J. Testing and Analvate 


1940 


1. New A-C anp D-C TESTING EQUIPMENT ON 
Hupson AND MANHATTAN. Railway Signaling, 
volume 33, November 1940, page 461. 


2. MAINTENANCE OF RELAYS AND ASSOCIATED 
Equipment, J. P. Brookman.™ Institution of Elec- 
trical Engineers Journal (London, England), vol- 
ume 87, November 1940, pages 485-94; discussion, 
pages 494-506. 
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8. ANALysis oF SHorT-Crrcurrt OSCILLOGRAMS, 
W. W. Kuyper. AIEE Transactions, volume 60, 
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1941, April section, pages 151-3. Discussion, page 
752. 


4. Crrcuir FOR TESTING pane: 


CURRENT 


FORMERS, E. A. Walker. Review of Scientific 
Instruments, volume 12, February 1941, pages 
85-6. : 


5. HicH-Speep CONDENSER Timer, E, T, Vicker- 
man, Jr.; S. E. Edlestein. Electrical West, pels 
86, June 1941, pages 141-6. 


6. ImpPROVED TIME-INTERVAL METER FOR TEST- 
ING Protective GEAR Revays, R. W. Langley. 
Elecirician (London, England), volume 127, Oc- 


_ tober 1941, pages 249-50. 


7. INSTRUMENT ASSEMBLY SIMPLIFIES REUAY 
Fretp Testine, A. J. McCahan. Electrical World, 
yolume 116, July 26, 1941, page 213.’ 


8. INSTRUMENTATION: CHIEF TRENDS AND SOME 
New Data, M. F. Behar. 
40, October 1941, page 629. 


9. Network ANALYZER Sotves System Pros- 
tems, G. W. Bills. Electrical West, volume 87, 
December 1941. : 


10. TRANSIENT ANALYZER CHECKS BREAKER AND 


Bus Protection, J. H. Neher, R. J, Woodrow. 


Electrical World, volume 116, December 13, 1941, 
page 1885. 


11, TRANSMISSION-SYSTEM FAvtts: UsE 
MEASUREMENTS OF FauLT Conprrions, W. T. J. 
Atkins. Electrical Review (London, England), 
volume 128, January 1941, page 253. 

) 


1942 


12. HicH-SpEED CONDENSER TIMER FOR TESTING, 
E. T. Vickerman, Jr.; S. E. Edlestein. Electrical 
World, volume 117, May 2, 1942, page 1534. ~ 


13. How To Get CLEARER OSCILLOGRAPH FILMS. 
Elecirical World, volume 117, June 27, 1942, page 
2250. 


14, Improvep DrsIGN FOR RELAY TEST SET, 
B, J. Bortell, J. E. Koslowsky. Electrical World, 
volume 118, December 1942, pages 2094-5. 


15. Low-BurpEN AMMETER FOR RELAY TESTING, 
H. L. Goodridge. Electrical World, volume 118, 
July 25, 1942, page 318. 


(16. OscritLocraPE ADAPTED FOR RETRACING Im- 
“PROVES Recorps, R. W. Ahlquist. Electrical 


_, World, volume 117, January 10, 1942, page 100. 


17. OscimtLocraPpH ScaLe PRINTED ON FoR, 
E. J. Mommo. Electrical World, volume 117, 
‘March 7, 1942, page 833, ~ { 


18. OsciLLocRaPH Starts on Att Faucts, V. D. 
Hollis. Electrical World, volume 118, September 5, 
1942, pages 806-07. . 


1943 


19. AN INSTRUMENT FOR THE DETERMINATION OF 
Contact MAKING AND BREAKING Time, Walter 
Richter, William H. Elliot. AIEE Transactions, 
volume 62, 1943, January section, pages 14-16. 


20. Markep OscitLoGraPpH Tracincs, R. W. 
Ahlquist. General Electric Review, volume 46, 
March 1943, pages 179-82. ? 


21. RELAY AND SwitcH UPKEEP AND TROUBLE 


-SHoorinc: Data Sueets, W. A. Holland. Factory - 


Management, volume 101, February 1943, page 134. 


22. RevAy-TESTING PRACTICE BY WISCONSIN 
- UTiuitres. 


Electrical World, volume 119, May 1, 
1948, page 1486. 


23. Tue Latest IN MAGNETIC OSCILLOGRAPHS, 
K. R. Geiser, J. E. Hancock. General Electric Re- 
view, volume 46, May 1943, pages 289-94. 


24. TYPEWRITING ON Firm RECORDS SAVES 
Tre, W. C. Curl. Electrical World, volume 120, 
July 24, 1943, page 123. 


Section K. System Stability 
1940 


1. GrapuicaL SOLUTION oF TRANSIENT STABIL- 
ity, H, H. Skilling, M. H. Yamakawa. EvecrricaL 
ENGINEERING, volume 59, November§1940, pages 
462-5. 


PowER-SYSTEM INTERCONNECTIONS 
Rissik. Pitman Publishers, 1940. 


(book), H. 
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1941 


2. SLmarrarrons PLACED ON POWER TRANSMIESION 


Ry System Stapitity. Electrical News, volume 50, 


June 1941, pages 22-5. 


8. PROBLEMS OF TRANSIENT STABILITY IN INTER-: 


CONNECTED TRANSMISSION SysTEMS, H. Rissik. 
Electrician (London, England), volume 126, April 
1941, page 243. 

4, Srapmiry LimrratTions or LONG-DISTANCE A-C 
PowrrR-TRANSMISSION SysTEMs, Edith Clarke, S. B. 
Crary. AIEE TRANSACTIONS, volume 60, 1941, 
December section, pages 1051-9. Discussion, 
page 1299. { \ 

5. System Loap Swincs, H. A. Bauman; oO. W. 
Manz, Jr.; J. E. McCormack; H. B. Seeley. 
AIEE TRANSACTIONS, volume 60, 1941, pages 
541-7; discussion, page 735. 


6. SystTEM STABILITY, F. W. Gay. AIEE "TRANS- 
ACTIONS, volume 60, 1941, April section, pages 
168-73. Discussion, page 1351. 
7. TURBOALTERNATOR SPEED 


CONTROL: Im- 


_ PROVING STABILITY ON AN INTERCONNECTED Sys- 


tem, A, Abbott. Electrical Review (London, 
England), volume 128, June 1941, page 713. 


1942 


8. ConTROL AND REGULATION OF UTILITY InpUS- © 


TRIAL Tins, L. F. Stone, Electrical World, volume 
117, April 4, 1942, pages 1171-3. 


/9. ConrroL oF Tis-Linzr Power Swinecs, C. 
Concordia, H. S. Shott, C. N. Weygandt. AIEE 
TRANSACTIONS, volume 61, 
pages 306-14. Discussion, page 395. Ss 


10. Correct ELEcrricaL PRorscTion Makers 
INTERCHANGE SAFE. Power, volume 86, September 
1942, pages 630-2. 


11, EQurvaLeENntT CIRCUITS FOR THE HUNTING OF 
EvecrricaL Macuinery, G. Kron. AIEE TRAns- 
ACTIONS, volume 61, 1942, May section, pages 
290-6. . 


12. Powerr-SysTEM STABILITY—Basic ELEMENTS 
or THEORY AND APPLICATION, R. D. Evans. Exsc- 
TRICAL TRANSMISSION AND DISTRIBUTION REFER- 
ENCE Boox, Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Ea: -, 1942. 
Pages 175-210. 


13. SInGLE-PoLE FAuLT CLEARING FOR Gunaxke 
Srasiity, J. E. Hobson; H. N. Muller, Jr. West- 
inghouse Engineer, volume 2, February 1942, pages 


28-5. 


14. SrQueNcE RetAy: A DeEvicE TO PROVIDE 
SHoRT-TIME SEPARATION ON LONG-PERIOD OscIL- 
Lations, C, L. Betts, Jr. Edison Electric Institute 
Bulletin, volume 10, August 1942, pages 301-09. 


15. Srapmiry Stupy or A-C Power-TRANSMIS- — 


sion Systems, J. G. Bolm. AIEE Transactions, 
1942, pages 893-905; discussion, page 1046. 


16. STapitity oF OSCILLATIONS IN SYSTEMS OBEY- 
Inc Matutens Eguation, J. G. Brainerd. Frank- 
lin Institute Journal, ees ze: February 1942, 
pages 135-42. fi 


17. System SrAvrirrye Beamene OF CALCULA- 
tion, H. N. Muller, Jr. ELrcrricat TRANSMISSION 
AND DISTRIBUTION REFERENCE Book, Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa., 1942. Pages 211-28. 


18. THREE-WINDING-TRANSFORMER Rinc-Bus 


Cuaracreristics, G. W. Bills, C. A. MacArthur, ’ 


AIEE Transactions, volume 61, 1942, December 
section, pages 848-9. Discussion, page 1066. 


19. Time-SsQuENcE RELAY FOR System SPPARA- 
tion, C. L. Betts, Jr. Electrical World, volume 118, 
December 26, 1942, page 2096; 


1943 


20, EgQuivaLent CIRCUITS FOR OscrLaTING 
SysTeMs AND RIEMANN-CHRISTOFFEL CURVATURE 
Tensor, G. Kron. AIEE TRANSACTIONS, volume 
62, 1943, January section, pages 25-31. Discus- 
sion, page 372, 


21. INTERIM REPORT ON APPLICATION AND 
OPERATION OF OuT-orF-STEP PROTECTION, AIEE 
relay subcommittee. AIEE TRANSACTIONS, volume 
62, 1943, September section, pages 567-73. 


22. SELF-ExciITED OSCILLATIONS oF CAPACITOR- 
CoMPENSATED LONG-DISTANCE TRANSMISSION Sys- 
tems, R. B. Bodine, C. oRKOE IRs G. Kron, AIEE 
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1942, June section, — 


' wassron Systems, J. W. Butler, J. E. Paul, T. 


TRANSACTIONS, volume 62, 1943, January 
pages 41-4. Dibeuasions page 371. 


PER 
Sranariy ON KANSAS-NEBRASKA 0: ee 
Kv Interconnection, C. W. Minard, R. B. 
W. A. Wolfe, E. A. Swanson. AIEE Tran 
TIONS, volume 62, 1943, pages 358-67. ‘ 


Crecuits or Lonc-DiIsTANCcr TRANSMISSION 
tems, G. Kron. General Electric Review, vi 
46, June 1943, pages 337-42. 


25. SrEapy-STATE 
ANALYSIS OF SERIES Cries IN Lone Ta 


Schroeder. AIEE TRANSACTIONS, 
1943, February section, pages 58-65. "Discussion, 
page 377. f ; 


26. TRANSMISSION-SYSTEM STABILITY PROBLE! 
Grow Wir Loans, F. Ye Diarra Elec 


pages 54-6. 


Section L. Methods a 


Calculation 
1940 


1, AN EXTENSION OF THE MertTHOD or Sym- 
METRICAL COMPONENTS USING LADDER 
works, W. V. Lyon. AIEE TRANSACTIONS, vo 
59, 1940, pages 1025-30; discussion, page 1263. 


2. DETERMINATION OF SHORT-CrRCUIT CURRENTS” 


in Low-VoLraGE INDUSTRIAL FEEDERS, E. 
Kubler. General Electric Review, 


September 1940, pages 459-66. f : 


3. TRANSFORMATION THEORY of GENERAL STATIC 
PotypHase Networks, L. A, Pipes. AIEE TRANS- 


ACTIONS,. volume 59, 1940, February section, pages ; 


123-8; discussion, page 128. 


4, TRANSIENT ANALYSIS OF SYMMETRICAL Ner- 
WORKS BY THE METHOD oF SYMMETRICAL Com- 
ponents, L. A. Pipes. AIEE TRANSACTIONS, 
volume 59, 1940, August section, pages 457-9. 
Discussion, page 1107. 


1941 : 


5. Ae C Vectors: siseinie tee OF THE OPERA- 
tor, A. G. Powell. Electrical Review (London, 
England), volume 129; December 19, 1941, page 
694. ‘ 


f 


6. CatcuLation oF FAULT Seer n INDUS- 


TRIAL PLantrs, Raymond C, R. Schulze. Evec- 
TRICAL ENGINEERING, volume 60, pune 1940, 
pages 271-9. — 


7. FauLtt VoLtTacGE Dror AnD 
SHort-Crrcurr CuRRENTS IN Low-VoLTaAcEe Crr- 
currs, O. R. Schurig, AIEE Transactions, 
ee 60, 1941, pages 479-87; ee page 


8. Ground RESISTANCE—EXTENSIVE STUDY or 
NortHwest Soits AND ~ 
Grounpine, H. V. rieae 
volume 86, January 1941. 


9. Rencnaee ForMuLAS FOR dpe atpee: STEEL, 
T. J. Higgins. Electrical World, volume 116, 
July 1941, page 296. : 


volume 43,4 


4 
AN 
j 


4 


—s 


IMPEDANCE AT | 


‘TRANSMISSION TOWER ; 
Erectrical West, — 


10. Suort- Crreuir CALCULATING PROCEDURE FOR | 


Low-Votracr A-C Systems, A. C. Darling. AIEE 
TRANSACTIONS, volume 60, 1941, pages 1121-36; 
discussion, page 1295. 


11. Steapy-StTatE Anvareass OF bioeeiheueeee 
TOR TRANSMISSION Lings, L. A. Pipes. Journal of 
Applied Physics, volume 12, November 1941, 

page 782. 


SYMMETRICAL-COMPONENT Goseaitey A Two- 


eee METHOD OF MBASUREMENT, G. W. 


Stubbings. Electrician (London, England), volume 
127, October 31, 1941, pages 255-6. 


13. System SHort-Circurr CURRENTS, WwW. M. 
Hanna, H. A. Travers, C. F. Wagner, C. A. Wood- 
row, W. F. Skeats. AIEE TRANSACTIONS, volume 
60, 1941, September section, pages 877-81. Dis- 
cussion, page 1351, ; 


14. THE Moprern A-C Network CarcuLaton,, 
W. W. Parker, AIEE TRANSACTIONS, volume 60, 
1941, November section, pages 977-82. Discus- 


sion, page 1395, 


15. TRANSIENT ANALYSIS OF COMPLETELY TRANS- 


¥ 


. 


? 


POSED MUL PICONE MoE TRANSMISSION Lines, iii 


_ ELecrricaL ENGINEERING. 
y x 
‘ 


T<teeD + 


A. Pipes. AIEE TRANSACTIONS, volume 60, 1941, 


pages 346-51; discussion, page 621, 


16. ZERO-SEQUENCE IMPEDANCES OF OVERHEAD 
THREE-PHASE AND SINGLE-PHASE ‘TRANSMISSION 
Crecuits, Edith Clarke, G. K. Carter. General 
Electric Review, volume 44, June 1941, page 329. 


1942 


17. A-C CatcuLation Carts (book), R. Loren- 
zen. John F. Rider, Publisher, Inc., New York, 
N. YV., 1942. 


18. ANALysIs or SHoRT CrrcuiTs ror DisTRIBu- 
TION Systems, C. F, Dalziel. AIEE Transac- 
TIONS, volume 61, 1942, October section, pages 757- 
64. Discussion, page 1048. 


19. Faurr-Current CatcuLation, W. A. Mears. 
Electrician (London, England), volume 129, July 
10-24, 1942, pages 33-7, 58-60, 84-7. 


20. QuicKkER Way or ComputTinc DisTRIBUTION 
SHorr Circuits. J. D. Sauter, G. F. Lincks. 
Electrical World, volume 117, March 21, 1942, 
pages 992-3. 


21. SrmpLtirrep CALCULATION oF FAuLT CuR- 
RENTS, AIEE committee on protective devices. 
ELECTRICAL ENGINEERING, volume 61, October 
1942, pages 509-11. 


22. Srupy or DrIvEN Rops AND COUNTERPOISE 
WIRES IN HIGH-RESISTANCE SOIL ON CONSUMER’S 
Power 140-Kv System, J. G. Hemstreet, W. W. 
Lewis, C. M. Faust. AIEE TRANSACTIONS, volume 
61, 1942, September section, pages 628-33. 


23. Symmerricat Components, J. E. Hobson. 
ELECTRICAL TRANSMISSION AND DISTRIBUTION 
REFERENCE BooK, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa., 
1942, pages 11-28. 


24. SyMMETRICAL COMPONENTS, 
Vector Norartion, A. G. Powell. 


ANALYSIS BY 
Electrical Re- 


view (London, England), volume 131, ae 24, tee. 


“pages 107-08. 


25. SYMMETRICAL COMPONENTS: UNBALANCED 
THREE-PHASE PROBLEMS SIMPLIFIED. 
Review (London, England), volume 130, January 9, 
1942, pages 45-6. 


26. System SHort Circuits: CALCULATION OF 
THE CURRENTS WHEN APPLYING INTERRUPTING 
DEVICES AND Retays, C. A. Woodrow. 
Electric Review, volume 45, June 1942, pages 
357-9. : } 

27. ZpRO-SEQUENCE VOLTAGES, G. W. Stubbings, 


Electrician (London, England), volume 129, July 
31, 1942, pages 110-12. 
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28. A USEFUL EQUIVALENT CIRCUIT FOR A FIVE- 
WInpING TRANSFORMER, L, C. Aicher, Jr. AIEE 
TRANSACTIONS, volume 62, 1943, February section, 
pages 66-70. Discussion, page 385. 


29. Crrcurr ANnALysis or A-C PowrrR SysTEMsS 


(book), Edith Clarke. 
York, N. ¥., 1943. 


30. Crrcurr CALCULATIONS: EXAMPLES OF 
GRapPHicaL MrtHops, G. W. Stubbings. Electrical 
Review (London, England), volume 132, April 2, 
1943, pages 449-50. 


John Wiley and Sons, New 


81. How 71o DETERMINE SHORT-CIRCUIT CURRENT . 


AND INTERRUPTING CAPACITY OF INTERRUPTING 
Devices, W. A. Holland. General Electric Review, 
volume 46, September 1943, pages 499-500. 


32. Grounp Fautts Sotvep Easmy Wit D-C 
Boarp. Electric Light and Power, volume 21, 
April 1943, pages 66-70. . 


33. Suort-Crrcurt ANAtysis: Fautts BETWEEN 
Two Puxases, T. F. Wall. Electrical Review 
(London, England), volume 133, July 9, 19438, 
pages 43-4. 


34. SHort-Crecurt CALCULATIONS. Rideiricat Re- 
view (London, England), volume 132, January 15, 
1943, page 72. ‘ 


35. SHorr-Crrcuit CuRRENTS (ON Powounace 
Systems), A. E. Anderson. General Electric Re- 
view, volume 46, June 1948, pages 316-19; July 
1943, pages 399-401. 


36. SHort-Crrcuir VaLuEs: AN APPLICATION OF 
SyMMETRICAL-CoMPONENT ANAtysis, T. F. Wall. 
Electrical Review (London, England), volume 132, 
February 26, 1943, pages re 
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37. SyMMETRICAL Components, G. W. Stubbings. 


Electrician (London, England), volume 130, 
January 8, 1948, pages 34-5. p 
38. SymmerricaL-COMPONENT ANALYSIS: VEC- 


TORIAL TREATMENT FOR STANDARD SHORT-CIRCUIT 
Sotutions, R. N. Buttrey,  Hlectrical Review 
(London, England), volume 132, January 22, 1943, 
pages 113-15. 


39. SYMMETRICAL-COMPONENT CURRENTS, G. W. 
Stubbings. Electrician (London, England), volume 
131, July 16, 1943, pages 61-2. 


40. Tue Errectrs or Murua InpucTIion BE- 
TWEEN PARALLEL TRANSMISSION LINES ON CuUR- 
RENT FLow ro Grounp Fautts, J. I.. Holbeck, 
Martin J. Lantz. ATEE Transactions, volume 62, 


1943; November section, pages 712-15. 
’ ) 


Section M.. Instrument. 
Transformers and Other Auxiliary 
Devices 


1940 


1. A Proposep MertTHop FOR THE DETERMINA- 
TION OF CURRENT-TRANSFORMER ERrRoRS, G. 
Camilli, R, L. TenBroeck. AIEE TRANSACTIONS, 
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Line Protection—_ 


Formulas for Caeueans Short-Circuit 
Forces Between Channels Located Back 


to Back 


THOMAS JAMES HIGGINS . 


ASSOCIATE AIEE 


N 1937 Arnold! published an analytic 
‘procedure enabling the designer of a 
_ single-phase two-conductor bus to deter- 
mine combinations of conductor spacing 
-and cross section that render the prox- 
imity effect zero—hence combinations that 
render the a-c resistance, and thus the 
eddy-current loss, a minimum. For ex- 
plicit details the reader is referred to 
Arnold’s paper. For our purpose it suf- 
fices to remark that in general the designer 
is afforded an indefinite number of com- 
binations (of conductor spacing and cross 
section) from which to choose; that the 
exact cross sections determined by the 
theory are not simple in shape; that as the 
ratio of conductor spacing to perimeter of 
conductor cross section increases, the 
equivalent structural shape associated 
with a particular conductor spacing shifts 
from rectangular strap to channel to cir- 
cular or square tubular conductor, that 
_the a-c resistance, and hence the eddy- 
current loss, can be calculated from a 
_ given simple formula; and that the ac- 
curacy of this formula and the correct- 
ness of the general theory are verified by 
experimental data set forth in the paper. 
Despite, however, the availability and 
the obvious usefulness of this general 
theory, it would seem that no consfder- 
able use, if any, has yet been made of it. 
In some part, no doubt, this neglect is due 
to lack of knowledge of it: Arnold’s paper 


was published in the Journal of the In-— 


stitution of Electrical Engineers, a British 
periodical which in this country enjoys 
but little circulation outside of engineering 
libraries or the technical departments of a 
few of the larger public libraries. In 
other part, however, this neglect doubt- 
lessly can be attributed to the fact that, 
largely, a-c industrial-bus design is poly- 
phase and has as its desideratum the 
achievement of minimum inductance, 
hence minimum reactance voltage drop. 
Designs achieving this end involve closely 
spaced conductors, thus greater than mini- 
mum eddy-current losses, whereas prac- 
tical designs achieving minimum eddy- 
current losses involve fairly widely spaced 
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conductors, thus increased reactance vol- 
tage drop. 


In those instances, however, where 


single-phase busses are to be designed and 
minimum reactance is not so much the 
desideratum as is minimum eddy-current 
loss, Arnold’s theory affords preferred de- 


signs. In consequence, it is of interest to © 


the designer of such busses that there be 
available to him formulas enabling calcu- 
lation. of the electrical and mechanical 
performance of designs stemming from 
Arnold’s theory. This, as already men- 
tioned, yields conductor cross sections to 
be approximated by standard structural 
shapes: rectangular strap, channel, and 
circular or square tubular conductors. 

- Now formulas essential for calculating 
the a-c resistance, a-c inductance, mutual 
electromagnetic forces on short circuit, 
and other conductor parameters essential 


to knowledge of the electrical and me- 


chanical (short-circuit) performance of the 
bus are available for rectangular strap and 
circular or square tubular conductors.? 


_As regards (uniformly thick) channel con- 


ductors located back to back, Arnold has 


_ advanced a formula for calculating the 


a-c resistance and Higgins’ has advanced 
a formula for calculating the mutual elec- 
tromagnetic forces exerted between the 
conductors on short circuit. But no for- 
mulas for the inductance have been pub- 
lished hitherto. Yet, inasmuch as among 
the various combinations of conductor 
spacing and cross section afforded by 
Arnold’s theory, that combination which 
affords the best all-atound design is usu- 
ally one comprised of moderately spaced 
channels placed back to back, it is most 
desirable to have formulas for the induct- 


ance. Such formulas have been derived 


BAMA aoe! Ts, 


Figure 1 
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lier formula previously mentioned—a 


Aebi.? In shorter articles based on the 


OS ae 


by Schwantz and Higgins in a maste: 
science thesis done by W. Schwantz un 
the supervision of T. J. Higgins, ‘ ‘Forme 
for the Inductance of Busses Compri 
of Channels Located Back to Back.” — 

Subsequent to the derivation of aie 
through the use of ‘these formulas, - 
present writer has been able to derive ney W 
and improved formulas for calculating th 
mutual electromagnetic forces exerted o1 
short circuit. These formulas—easier to 
use, more rapid in convergence, capable in 
general of greater accuracy than the ear- 


presented in this paper. Use of them con- 
siderably simplifies calculation of bus-bar 
support stresses. 

The mechaniéal forces acting on bis ar 
supports during short circuit are deter- 

mined both by the magnitudes of the mu- 
tual electromagnetic forces exerted among 
the bus conductors and by the elasti 
properties of the supporting structure: its 
motional resistance, natural frequencies, 
and physical nature and arrangement. 
Comprehensive mathematical studies, 
substantiated by experimental data, of 
the individual and collective efforts of 
these factors and general methods for cal- 
culating the magnitudes involved have 
been advanced by Schurig and Sayre, 
Dahlgren,®* Eigermann,’ Pilcher,’ and 


1 
work of the first-named Schurig, Fricke 
and Sayre!—Tanberg,!! Specht,” ae 
son,!* and others! have presented certain 

charts, nomograms, and short cuts that 
facilitate the numerical labor incident to” 


-actual calculation. In consequence of the 


work of these men; it may be taken that if q 
the designer has knowledge of the physical 
make-up of the bus structure and of the 


‘mutual electromagnetic forces exerted 
3 


among the bus conductors, he can readily 
calculate the forces on the bus supports. 
Obviously, knowledge of the bus structure. 
is immediately available to the designer. 
Accordingly, if there-are also available to 
him formulas for calculating the mutual 
electromagnetic forces, he has all that is" 
essential to calculation of the bus sHnpeae 
stresses. 
Such formulas are odeaved in this ‘paper, i 
it being assumed that the conductors are 
nonmagnetic and of stitch length that end. 


effects are negligible and carry currents 


distributed uniformly over the cross sec- 
tions, and that these cross sections are so 
thin they may be considered to be com- 


_ prised of line segments (Figure 1). 


Of these four assumptions the ae and - 
second are commonly satisfied in practice. 
Re the third, though skin and proximity 
effects are always present on a-c busses” 
(however, the latter can be largely an- 
nulled by use of Arnold’s analysis) at 
power frequencies and normal conductor 
spacings, their effect on the magnitudes of 
the electromagnetic forces is, as Beetz!® 
has discussed at length, vanishingly small: 
whence this assumption introduces error 
negligible with reference to the accuracy 


é 
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required in calculating short-circuit forces 
and enables solution of an otherwise in- 
tractable problem. Finally, the assump- 
tion of negligible thickness affords for- 


mulas that yield values substantially iden-, 


tical with those calculated from the pre- 
viously mentioned earlier-derived formula 
for uniformly thick conductors and yet 
require but a tithe of the numerical com- 
putation—whence the labor involved, the 
time required, and the possibilities of 
numerical error are considerably reduced. 

The desired formulas obtained—by 
simple differentiation of the known for- 
mula for the inductance of the bus with 
cross section as in Figure 1—their use is 
illustrated by the numerical solution of a 
typical problem in bus design. 


Derivation of the General Formulas 


As derived by Schwantz and Higgins, 
the inductance per unit length of a circuit 
comprised of two identical channels lo- 
cated back to back as in Figure lis © 


L=—(y+2x)~?{2[y?—(D+2x)?] log [y+ 
(D+2x)?]—4{ [y?— (D+x)?]+2y(D+x)} x 
log [y?+ (D+ x)?]+ 8yD log (y?+D*)— 
4[(y?—x?)—2xy] log (y?+-%?)—4(D+2x)?X 
log (D+2x)+8(D+<)? log (D+x)+ 
12 log y—8D? log D+8x? log x+ 
8y(D+2x) tan~! (y/D+2x) —8[2yX 
(D-+-~)+(D+«)?—¥y?] tan“ '(y/D+x)— 
8(y?— D?) tan—1(y/D) —8(y?+-2xy— x?) X 

tan” "(y/x)+4ry(y+2x)] (1) 


_ From fundamental electromagnetic 
theory, the energy W in the, magnetic 
field associated with a unit length of the 
circuit when it carries current J is 


W=LI*/2 


and the mutual electromagnetic force F 
exerted between the conductors is 


F=adW/odD (3) 


Substituting. equation 1 in equation 2, 
substituting the resulting expression in 


(2): 


equation 3, performing the indicated dif- 


ferentiation, and collecting terms yields 


= —4P(y+2x)~?[— 


log [9?-+(D+«)*]+y log (y?+D?)— 
(D+ 2x) log (D+-2x)+2(D +x) log (D+x) — 
- 2D log D+y tan "(y/D+2x) — 
2(y+D-+x) tan—(y/D+x)+2DX 
~ tan7? (y/D)] 


Simplicity and increased accuracy of nu- 
merical computation stem from combining 
the logarithmic terms according to the 


rules for addition and subtraction of ‘ 


logarithms. In such manner we obtain 
from equation 4 


F= —4I?(y+2x)-?[(D/2) X 
log [y?-++-(D-+2x)?](D+2x)2D-*+ (D+x) X 
log [y2+(D+x)?](D+«)*lyY+ 
-(D+2«)?2]-1(D+2«)-#—y log [y?+ 
(D+«)?](y?+D?)-1+y tan7! (y/D+2x) — 
2(y+D-+x) tan! (y/D+x)+2DX 
tan~! (y/D)]_ (5) 
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(4) 


/x(D+2x) log [y+ . 
(D+2x)?]+(D+«) log [y?+(D+x)?]—yX © 


\ 


t 


Finally, if we take a= D/y, b=(D+x)/y, 
and. c=(D+2x)/y, equation 5 can be 
written — 
F=2kI?/D (6) 
wherein kis a dimencionicss parameter to 
be calculated either from 


k=[—2Dy/(y+2x)?][(a/2) X 
log [c?(1+-c?)/a*]+0 log [b?(1+b?) + 
c?(1+-c?)]— log [(1-+5?)/(1+-a?)]+ 
tan~1(1/c)—2(b+1) tan=! (1/b)+2aX 
tan-! (1/a)] (7) 


or 


k=[—2Dy/(y+2x)?][(a/2) X 
log [ce?(1+-c?)/a4]+b log [b2(1+b?) /c?X 
(1++e?) ]— log [(1+-6?)/(i+a?)]— 
tan~!c+2(b+1) tan-! 6—2¢X% 
tan-1 at+a(a—b—0.5)] (8) 


equation 8 being obtained from equation ah 
by use of the trigonometric identity, 
tan“! X+ tan-1(1/X)=7/2. 


Alternatively, if we take A=y/D, B= 


(D+x)/D, and C=(D+2x)/D, equation 


5 can again be written in the form of 
equation 6, but therein & is now given by 


k=[—2D?/(y+2x)?][1/2 log (A2+ C?)X 

C*+B log [B2(A?+B?)/C(42-+ C*)]— 

log [C5 84)/ C481) A tan SGC) 
2 (A+B) tan—!(4/B)+2tan-1A] (9) 


or 


k=[—2D?/(y+2x)?][!/2 log (A?+C*)X 
C4--B log [BGA 24-B) /C(A2-+-C4) | — 
log [(A?+B?)/(A?+1)]—A tan™ (4/C)+ 
pat +B) tan“! (A/B)—2 tan-1 A—7rX 
(0.6A4+B—1)] (10) 


Inasmuch as a, b, c, A, B, C, and & are 
dimensionless, we note that in calculating 


these quantities x, y, and D may be meas- 


ured in any unit of length; but otherwise 
the units of all quantities mentioned to 
this point are in the absolute system: x, 
y, and D in centimeters; the-current J in 
abamperes; L in abhenrys per centimeter 
of bus length; W in ergs per centimeter of 
bus length; Fin dynes per centimeter of 
bus length. 

Inasmuch as in actual practice the di- 
mensions x, y, and D commonly are stated 
in inches, ene current Jin amperes, and the 
force F in pounds per foot, it is convenient 
te numerical computation to have an 
equation equivalent to equation 6 wherein, 
however, the various quantities are meas- 
ured in the units just stated. Accord- 
ingly, introducing the necessary conver- 
sion factors in equation 6, we obtain 


a= (5: ack ti 7 pounds per foot of 


bus length (11) 


wherein k, as before, is given by equations 


7,8, 9, or 10. 


Regarding these formulas for k, we may 
remark that though each involves calcu- 


- lation of the sum of a number of logarith- 


mic and arctangent terms—six in all—the 
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actual labor required is not heavy. 
Thus, using the 15-place tables of natural 
logarithms and arctangents (with 0.0001 
and 0.001 increment arguments) pub= 
lished by the Work Projects Administra- 
tion! and effecting numerical calculations 
on a ten-digit electric calculating machine, 


the writer was able to effect the computa- 


tion pertinent to the following illustrative 


' example in but a few minutes. 


An Illustrative Example. 


The conductors of a single-phase bus 
are standard aluminum channels (web, 
y=8 inches; flange width, «= 2.56 inches; 
thickness 0.524 inches) spaced back to 
back, D=16inches. To calculate k: 

By virtue of the given data we have: 
a=2, b=2.34; and c=2.64. Substituting 
these values in equation 8 and performing 
the indicated calculation yields 


-k=—(1/0.6724) [log 3.4715578—2.32 


log 1.6169046—log 1.27648— tan-12.64+4+ _ 
6.64 tan7! 2.32—4 tan“! 2—0.827] 
=,— (1/0.6724) [1.2446034—2.32X 
(0.480516) —0.2441063— 1.2087089-++ 
6.64(1.1638255) —4(1.1071487) — 
0,82(3.1415927) ] 
= —(1/0.6724) [—0.5999026] 
=0.892+ 


Alternatively, A=0.5, B=1.16, and 
C=1.32. Substituting these values in 
equation 9 and performing the indicated 
calculation yields 


k= —(1/0.3362) [0.5 log 3.4715578—1.16* 
log 1.6169046—0.5 log 1.27648-++ 
0.5 tan~! 0.3780303—3.32X 
tan-! 0.431034+2 tan! 0.5] 
=0.892+ 


Obviously, since it is only desired to | 
know & to two or at the most three deci- 
mal places, it is not necessary to use 
seven-place logarithms and arctangents. 
Inasmuch, however, as 15-place tables 
were employed and the calculation was 
done on a ten-digit calculating machine, 
the added labor is negligible, and one has 
no uncertainty as to the effect of-cumula- 
tive errors on the accuracy of the first 
few digits of k. 
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The Nature oF Vibsuon in Flectie’ 
Machinery 


TROY D. GRAYBEAL 
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Synopsis: Vibration in electric machinery 
is the result of a number of contributing 
agencies, some mechanical, others electro- 
magnetic in origin. Features of mechanical 
and electrical design and construction which 
give rise to these agencies are discussed. 
The general character of the vibration which 
each agency produces is explained, as well as 
how different agencies combine to produce 
the resultant machine vibration. Where 


excessive vibration is encountered in the 


field, methods are outlined for ascertaining 
the major agencies responsible so that cor- 


rective modifications may be made which. 


will be effective in reducitig the resultant 
vibration. These methods are applied to 


_ motor-generator sets driven by two-pole in- 
~ duction motors to ascertain the cause of a. 


particular type of vibration characterized by 


the vibration amplitude increasing and de- 


creasing in uniform cycles twice during each 
revolution of motor slip. 
agencies which give rise to this particular 
type of vibration are explained, and methods 


_ by which they may be controlled to keep the - 


resultant vibration to a satisfactory mini- 
mum are discussed. 


ells the past few years the prog- 
tess made in reducing vibration in 


electric machinery has resulted in more 
freedom from mechanical failures and - 
The more 


other maintenance troubles. 
quiet machines which result from reduced 
vibration also produce less nervous strain 
to the operators. The generally accepted 


‘ theory of vibration is based on the prem- 


ise that vibration and noise arise from 
forces which act in a periodic manner 
upon the different component parts of the 
machine. Such forces are called “driving 


forces,” and the actual mechanical dis- 


placement or vibration which results is 


In this way the 


to the final vibrational response. 


frequently called the 


tional response depends upon the ampli- 
tude of the driving forces as well as upon 
the mass, stiffness, and damping factors 
associated with the vibrating member. 
While this fundamental concept is quite 
simple, yet to account for particular types 
of vibration which are produced in elec- 
trical equipment and mechanical rotating 
assemblies is sometimes quite difficult. 

In general, the amplitude of a vibra- 
tional response can be reduced either by 
decreasing the amplitude of the driving 
forces which cause it, or else by modifying 
the mass, stiffness, and damping factors 
associated with the vibrating member. so 
that a smaller response occurs under the 
action of the same driving forces.. In 
electric machinery there are many agen- 
cies which contribute to these factors and 
As a 
rule it is not a simple process to isolate the 
particular agencies responsible for exces- 
sive vibration, particularly when several 


agencies are cumulative in effect and are 


present simultaneously. A careful sys- 
tematic study based upon a knowledge of 
conditions which are conducive to ex- 
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_ necessary Pane a ‘aileortte 


measures can be specified. 
The driving forces which are pres 


kinds, namely, mechanical and electro- 
magnetic. Mechanical driving forces 
those which arise from mechanical | 
structural irregularities such as mechani 
cal unbalance, nonsymmetrical mec 
cal parts, pean loose beaches 


are those which arise by siritte of 1 
netostriction and magnetic attracti 
tween different parts of the machine. 
any electric machine both kinds of dri 
forces are present simultaneously and 
together to produce the Dinar 
response. 

A very important agency which ¢c 
tributes to excessive vibration is static « 
dynamic unbalance of a rotating ass 
bly. This produces an excessive mecha 
cal driving force of fundamental ft 
quency—that is, numerically equal to: 
spect of rotation 1 in revolutions Be se 


and many kinds of balancing ma 
some of which are quite elaborate, 
been developed for testing and corre 
the condition of balance of rotating parts 
For this reason this factor is not consid- 
It is rps 


agencies ee are ere toi im- 
proper balance. Mechanical unbalance: 
alone always gives rise to a vibrat 
response having .a frequency whic’ 
numerically equal to the speed of rote 
in revolutions per second. This fact v 
often can be used to differentiate betwe 
excessive vibration due to mechanic: 1 
balance and excessive. vibration due to 
other agencies. Components of vibrat 
having frequencies which are multiples of 
the speed of rotation in revolutions per 
second cannot be reduced appreciably by 
improvement in the conditions of balance 
of rotating parts, because the drivi ng 
forces. which produce them originate 
through other agencies. ‘0 
Another well-known cause of excessive 
vibration which must be dealt with in 
machine designs is ' closely related t 
mechanical resonance in the rotating | a 
sembly and is referred to as the phenome- 
non ‘of ordinary critical speeds. When 
the speed of rotation is such that the fre- 
quency of the driving force due to 
mechanical unbalance corresponds with 
one of the natural resonant frequencies of 
the rotating assembly, the latter is in in- 
different equilibrium, and a small com- 
ponent of driving force may cause ex- 
cessive vibration and whipping, or even 
mechanical failure, of the rotating assem- 
satisfactory operation the 
ordinary critical speeds must be considers 
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‘ ' pe 


-. the machine. 


7 ably outside the normal hae speed 
range of the machine. This subject has 
received careful attention by many in- 
vestigators who have developed methods 


whereby the critical speeds may be com- 


puted from the dimensions and compo- 
nent masses of the assembly. 


Mechanical Driving Forces 


The fundamental component of driving 
force which arises from a rotating assem- 
bly is caused by static or dynamic unbal- 
ance. It has a frequency numerically 
equal to the speed of rotation in revolu- 
tions per second. The amplitude of this 
driving force may be controlled by careful 
adjustment of balance of the, rotating 
parts. In addition to the fundamental 
component, harmonic driving forces hay- 
ing frequencies which are multiples of the 
speed of rotation in revolutions per second 
frequently occur. These are caused by 
mechanical imperfections or dissymme- 
tries in the construction of the machine. 
For this reason they are more difficult to 
control than the fundamental. 

second harmonic component—that is the 
one having a frequency double that of the 
fundamental—is most likely to give rise to 
troublesome vibration. This component 
arises from shafts having portions of non- 
circular cross-sectional area, caused by 
_keyways, for instance, from slightly ellip- 
tic bearings, as well as from other 
mechanical imperfections. Elliptic bear- 


ings are more likely to be a source of | 
trouble in the case of ball bearings as © 


avoidance of slight warping of the bearing 
races is practically impossible during the 
heat-treatment processes necessary in 
‘their manufacture. Slightly oval or non- 
spherical balls also may cause harmonic 
driving forces; but these are usually of 
higher harmonic order than the second 
and are not necessarily integral multiples 
of the fundamental. The only effective 
method by which harmonic driving forces 
arising from these causes may be con- 
trolled is by the use of rotating assemblies 
and shaft designs which are as nearly cir- 
cular in cross. section as practical con- 
siderations will permit, and by better 
-workmanship and closer tolerances in the 
manufacture of the component parts of 
Harmonic driving forces 
‘must be given special consideration from 
the standpoint of vibration and noise in 
machines of special design where the 
rotating assembly is unusually long if the 
shaft has a keyway or other dissymme- 
tries. They may be serious also if the in- 
‘herent resonant frequencies of the ma- 
chine frame correspond closely with the 
frequency of the harmonic driving forces. 


Electromagnetic Driving Forces 


Electromagnetic driving forces arise in 
electric machinery for several reasons, 
‘but the principal fundamental causes may 
‘be traced to magnetostriction and mag- 
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netic attraction between different parts of 
the magnetic circuit of the machine. 
Magnetostriction plays an important role 
in creating vibration and noise in static 


apparatus such as transformers. In 


rotating machinery the forces caused by 
magnetic attraction are by far the more 
important. In general these forces are 
quite complex in nature, consisting of 
numerous harmonic components. The 
frequency of the most important compo- 
nent, at least with respect to amplitude, is 
twice the frequency of the voltage at the 
machine terminals, and for this reason 
will be called the second harmonic com- 
ponent of electromagnetic driving force. 
Other harmonic components of driving 
force arise because of the slots in the 
stator and rotor of the machine. The 


SPRING RESILIENT FIELD COIL TERMINALS 


FIELD MOUNTING 


IRON CORE 


ROD ATTACHED FIRMLY 
TO VIBRATING BODY 


Figure 1. Electrodynamic-type vibration 


pickup unit 


order of these harmonic components is a 
function of the number of slots on both 
the stator andtherotor. Certain of these 
are attributed to the machine windings 
not being infinitely distributed, while 
others exist simply because of the stator 
and rotor teeth. Certain combinations 
of stator and rotor slots result in much 
more pronounced driving forces than do 
others, and methods have been developed 
for choosing the optimum combinations 
for minimum noise. As a rule these har- 
monic components are of comparatively 
high order and are of importance in vibra- 
tion principally from the standpoint of 
noise. 

The second-harmonic component of 
electromagnetic driving force always is 
present in an electric machine. It arises 


principally from the radial magnetic 


attraction between the stator and rotor. 
Nearly all rotating machines make use of 
revolving magnetic fields. As the mag- 
netic field revolves in the air gap of the 
machine, it passes a given point of the 
stator twice during each cycle of voltage 
change, once as a flux entering the stator 
and once as a flux entering the rotor. A 
force of attraction results regardless of the 
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force in a two-pole machine. 


flux polarity. This force therefore builds 
up and dies away twice during each cycle 
of voltage change and produces a driving 
force having a frequency exactly twice 


’ that of the voltage supply. This driving 


force causes a periodic distortion of the 
stator core which, through the agency of 
the stator mounting supports, acts as a 
driving force to excite vibrations in the 
frame of the machine. This driving force 
cannot be eliminated since it is inherent 
in any electric machine, but the vibration 
or response it causes can be controlled by 
constructing the stator core sturdy 
enough so that the resultant core response 
is small, or in special cases such as large 
alternators (15,000 kva and larger) by 
mounting the stator core on flexible sup- 
ports so that minimum vibration is trans- 
mitted to the frame of the machine. 

The second-harmonic component of 
driving force is much more pronounced in 
two-pole machines than in machines hay- 
ing a greater number of poles, because the 
distance along the stator periphery be- 
tween points where the flux is simultane- 
ously at maximum values is compara- 
tively much greater. This is one of the 
fundamental reasons why two-pole motors 
present more difficult problems from the 
standpoint of vibration than do motors 
having a greater number of poles.- 
Forces of magnetic attraction act simul- 
taneously upon diametrically opposite 
points of the stator and cause it to be- 
come distorted into an elliptic form, the 
distortion progressing around the stator 
in synchronism with the magnetic field. 

In addition to the factors already. men- 
tioned, harmonic driving forces result. 
from air-gap dissymmetries. The type of 
dissymmetry most frequently encoun- 
tered is imperfect centering of the rotor 
in the stator core. This gives rise to a 
second-harmonic electromagnetic driving 
As_ the 
magnetic flux in the air gap revolves, itr 
passes the point where the air gap is” 
shortest twice during each cycle of voltage 
change, once as a flux entering the rotor 
and once as a flux entering the stator. 
Simultaneously, a flux of opposite polarity 
exists in the air gap at the point dia- 
metrically opposite. Since the radial 
magnetic force exerted on the rotor in 
creases as the air-gap length decreases, the 
two attractive forces acting at diametri- 
cally opposite points of the rotor do not 
always cancel. When the flux is in the 
position where the air gap is longest or 
shortest, a net force results which acts 
toward the point where the gap is short- 
est. As the air-gap flux moves from the 
position, the unbalance between the two 
diametrically opposite forces diminishes 
and becomes zero at the point 90 degrees 
from this position. As the flux rotates 
further, an unbalance again exists in the 
same direction and reaches a maximum 
when the flux has moved through another 
90 degrees. This unbalance of radial 
forces builds up and dies away twice 
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during each cycle of voltage change and 
produces a second-harmonic driving force 
which acts to deflect the rotor toward the 
point where the air gap is shortest. This 
- driving force is transmitted through the 


bearing supports and serves as a driving — 
force to produce vibrations in the frame 


of the machine. 


This driving force may be eliminated 


by perfect centering of the rotor within 
the stator core. 
‘some instances to counteract or neutralize 
driving forces of the same frequency 
‘which arise from other causes, since the 
phase and magnitude of the driving force 
_ thus produced can be controlled by the 
“use of an adjustable bearing support 
which will allow the rotor to be ‘shifted off 
center in any desired direction. The 
. magnitude of this driving force depends 
upon the amount by which the rotor is off 
center with respect to the stator, and the 
phase (with respect to the impressed 
voltage) depends upon which direction it 
is off center, that is, upon the angular 
position of the point in the air-gap pe- 
riphery where the gap is shortest. 

The use of this method for controlling 
vibration has several disadvantages from 
' the standpoint of actual practice. Each 
machine of a like series must be adjusted 
independently to secure the maximum 
benefit. Also, if the machine is at all 
critical with respect to its mounting, an 
_ adjustment correctly made at the factory 
_ of for one location in service would not be 


correct for any other location or mount- - 


ing. This method can be used to ad- 
vantage, however, in emergencies and 
_ other instances where a better method 
cannot be readily applied. 


Combined Effect of Electromagnetic 
and Mechanical Driving Forces 


During the operation of an electric 
machine, the vibration or response which 
results from several driving forces may be 
considered from the standpoint of super- 
position. Each harmonic component of 
driving force will produce a component of 
response of the same frequency as that of 
_ the driving force. The amplitude of each 
- component of the response depends upon 


the magnitude of the driving force and 


Hue 
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It also may be used in - 


\ 


upon the mass, stiffness, and damping 


factors associated with the component 
parts of the machine. 


more of the driving forces and the natural 
or resonant frequencies of the component 


parts or complete assembly of the ma- 
chine, comparatively large amplitudes of 


vibration will result, consisting princi- 
pally of frequencies for these particular 
modes of vibration. 

As a rule, excessive vibration due to 


resonance can be recognized by the be- _ 


havior of the vibration accompanying 
changes in frequency of the driving forces. 
In the neighborhood of resonance, the 
vibration will build up to a maximum 
amplitude at the resonant frequency and 
decrease as the frequency of the driving 
forcesis either increased or decreased from 
this value. Mechanical driving forces 
produced by a rotating assembly may be 
changed in frequency by changing the 
speed of rotation. Electromagnetic driv- 
ing forces may be changed in frequency 
by changing the frequency of the voltage 
supply. Sometimes the two kinds of 


driving force are dependent upon one 


another as in the induction motor. In 
such cases the frequency of both can be 
changed simultaneously by a change in 
supply frequency. 

In cases where mechanical resonance is 
prominent, the only effective method of 
reducing the resultant vibration is a 
change in the machine design which will 
shift the natural resonant frequencies in- 


herent in the machine assembly outside - 
the range of frequencies encountered dur- 


ing normal operation so that meehanical 
resonance will not occur. To insure this 
result in a new design is not easy because 
the geometric shapes of machine frames 


Figure 2. Vibration of motor generator set 
under load with voltage at rated frequency 
applied to the motor 


A. Actual vibration as recorded by means of 
electrodynamic vibration pickup unit | 
B. Same as A except high-frequency com- 
ponents filtered out of recorded wave 
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The resultant — 
total response at any point of the frame is _ 
equal to the sum of the harmonic compo- 
nents of the response. If there is a corre-- 
‘spondence in frequency between one or 


final test of a design is the nature c ) 


machine. 


‘which increase the rigidity. The use of 


~ pends upon the modulus of elasticity. 


wear, failure of mechanical members, 


of a machine frame or assembly. 


the Se ot the ae foeees pre: 
under normal operation of the comple 
If high amplitudes of v 
do not arise from small driving fore 
design is satisfactory. Otherwise stiff 
ing of certain parts and modifications 
the shape of others are necessary. A 
tional stiffness may be secured by in- 


use of cross braces of one Ruse or anothe 


steel of higher tensile strength will have 
little or no effect, since the stiffness de-~ 


which is essentially the same for all grades - 
of steel regardless of the ultimate tensile q 
strength. <a 

From the standpoint of excessive vibes Me a 
tion which results in excessive bearing | a 


and other maintenance troubles, as con- ' 
trasted with noise, frequenciesi in the lower 

audio range are of major importance. — - 
For the lower resonant frequencies the — 
stiffness and damping factors of mechani- _ 
cal members are comparatively much 
smaller, and a much greater resonant - 
response can result. Fortunately, very ys 
low resonant frequencies are not usually 
encountered in actual practice in ma- 4s 
chines of standard design, because the | 

frame and other parts must be constructed _ 
with sufficient strength to withstand 
stresses which are likely to arise during 


4 


+ 


both normal and abnormal conditions of 4 
operation. For this reason the natural 4 
resonant frequencies inherent in the 
assembly usually will be of comparatively — 
high order as compared with the driving — 
forces produced by the machine in opera- 


tion. Exceptions to this general rule 
occur in very large machines, and in com- | 
pact high-speed motor-generator sets 


: having comparatively long armatures. 


This is particularly true in machines of 
fabricated-steel-frame construction. In 
this latter instance considerable rigidityis 
sactificed for the lighter construction thus 4 
q 
j 
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' afforded, and the lowest natural frequency 


may be of the order of 120 cycles per 
second or even less. 

In the case of two-pole 60-cycle induc- 
tion motors, the important electromag- 
netic driving force of lowest frequency is 
120 cycles per second. At the same time 
a mechanical driving force, the second 
harmonic component, which has a fre- 
quency double the speed of rotation in 
revolutions per second, can exist. When 
these two driving forces exist simultane- 
ously, they alternately reinforce and inter- 
fere with each other and cause a response 
which builds up and dies away in ampli- 
tude giving rise to the phenomenon of 
beats. Since the difference in frequency 
is exactly twice the slip frequency of the 
induction motor, two cycles of the beat 
frequency correspond exactly with one 
revolution of motor slip. If the lowest 
resonant frequency of the machine frame 
is in the neighborhood of 120 cycles per 
second, the vibration amplitude may 
build up to an excessively high value even 
though the driving forces are compara- 
tively small. The beats are then very 
pronounced and clearly audible. The 
only-effectivemanner of reducing vibration 
in this case is to modify the machine 
frame to avoid mechanical resonance, and 
perhaps also to modify the machine con- 
struction to reduce the amplitude of the 
driving forces. If the machine is of a 
portable nature such that the method of 
mounting or arrangement of support on 
its foundation may be changed, or if the 
machine operates over a fairly large speed 
range, the frame would have to be made 
more rigid, rather than less rigid, in order 
to avoid possible operation in the resonant 
range. Increasing the rigidity has the 


effect of raising the resonant frequencies. 
Appreciable increase in rigidity cannot be 


obtained by the use of the same frame de- 
sign and steel of higher tensile strength, 
Frame members of higher moment-of-in- 
ertia cross section must be used. _ 


Experimental Studies 
and Observations 


The ideas presented in this paper are 
the result of considerable research which 
has been conducted on motor-generator 
sets in which the complete rotor assembly 
of both motor and generator was mounted 
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60 CYCLE TUBING WAVE - 


: 5400 R.A M. 
SPEED 


Figure 3. ‘Vibration of motor generator set 
coasting to rest without load and without 
generator excitation 


on a single shaft supported by two ball 


bearings, one at either end! of the shaft. 


The complete set was housed by a single 
fabricated steel frame of welded con- 
struction. The driving motor was a 
3,600-rpm two-pole squirrel-cage induc- 
tion motor. The particular type of 


vibration produced in these sets was’ 


characterized by the amplitude of the 
vibration building up and dying away 
twice during each cycle of motor slip, thus 
producing a very decided beat which was 
clearly audible. The beat is clearly dis- 
tinguishable in most of the oscillograms 
of the accompanying figures which were 
obtained by means of an electrodynamic 


‘vibration pickup unit. The signals so 


obtained were amplified by one stage of 
voltage amplification, followed by a push- 
pull power-amplifier stage, the output of 
which was recorded by means of a 
mechanical oscillograph. 

Figure 1 is a pictorial drawing of the 
pickup unit. The field coil was excited 
with direct current to produce a flux in 
the air gap in which the small output coil 
was mounted, The field coil and its 
associated magnetic circuit were sup- 
ported on comparatively weak springs to 
allow free motion between this assembly 
and the output coil. The small frame 
which carried the output coil was rigidly 
attached to or else firmly held against the 
mechanical member when the vibration 
of the member was being recorded. The 
principle of operation of the pickup unit 


is similar to that of the dynamic type 


microphone, except that it is mass con- 
trolled. The electromotive force gener- 
ated in the output coil is proportional to 
the relative velocity of this coil with re- 
spect to the field-coil magnetic circuit. 
The output wave form represents the in- 
stantaneous velocity of the vibrating 
member. 

The actual mechanical displacement 
can be obtained from the velocity wave 
by taking the derivative, or else by re- 
solving the wave into its sinusoidal com- 
ponents, dividing each component by its 
own angular frequency, combining the 
resultant terms, and interpreting the 
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3200 RPM, 


wave to the proper scale. As far as 
actual mechanical displacement is \con- 
cerned, the velocity wave accentuates the 
high frequencies. If the noise produced 
by a machine is the factor of principal 
concern, the instantaneous sound pressure 
is more closely related to the instantane- 
ous acceleration. The acceleration wave 
may be obtained from the velocity wave » 
by one step of integration, or else by — 
taking the sinusoidal components of the 
velocity wave, multiplying each by its 
own angular frequency, combining the 
‘resultant terms, and interpreting the 
resultant wave to the proper scale. The 
velocity wave represents an average of | 
two extremes, and thus forms a good basis 
for comparing relative vibration ampli- 
tudes. It may be used very satisfactorily 
in studying the effects of different factors 
on the amplitude and nature of the 
vibration produced in a machine. 
In order to eliminate the effects of stray 
electromagnetic fields which were very. 
prominent in the proximity of the ma- 
chines used in this investigation, the vi- 
bration pickup unit and the amplifier had 
to be very carefully shielded, both electro- 
statically and electromagnetically. The 
power amplifier stage was of the trans- 
former input type and presented a diffi- 
cult problem from this standpoint, be- 
cause of the transformer connected to the 
grids of the output tubes. To reduce 
stray pickup from this source to a 
negligible value, the transformer was en- 
closed in a */;-inch-thick soft-steel shield, 
and the amplifier was placed several feet 
from the machine under test. om 
Figure 2A is a representative oscillo- 
gram of the actual vibration which was 
obtained by the use of this apparatus. 
Careful examination of the pattern shows 
that the wave consists principally of a_ 
component of slightly less than 120. 
cycles per second which varies in ampli-. 
tude. having two maximum and two 
minimum values for each revolution of 
slip of the induction motor. In addition, 
the. wave contains numerous harmonic 
components, some of rather »high order, 
which are of fairly constant amplitude 
and bear no apparent relationship to the 
slip of the motor. The frequency of 
several of these harmonic components was 
measured with a sound analyzer and 
found to check with the frequencies to be 
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expected from the stator and rotor teeth of 
the machine. For these reasons, a 
capacitor was connected across the output 
terminals of the voltage amplifier stage to 
by-pass the high-frequency components 
and filter them out of the recorded wave. 
Figure 2B is an oscillogram of the same 
vibration recorded in Figure 2A, but with 
the filter capacitor connected into the am- 
plifier circuit. Beats in this oscillogram 
are very pronounced, showing that the 
wave contains two principal components 
of approximately equal amplitude. By 
analysis, the frequency of one component 
is exactly 120 cycles per second, and the 
frequency of the other is exactly double 
the speed of rotation of the motor in 
revolutions per second. 

The presence of the 120-cycle compo- 
nent of vibration is easily explained on the 
basis of electromagnetic driving forces 
produced in the machine as previously 
described. The component having a 
frequency twice the speed of the motor is 
due to mechanical causes only. This is 
shown clearly by the oscillogram of 
Figure 3. This oscillogram was obtained 
by starting the motor without load and 
allowing it to reach maximum no-load 


716 TRANSACTIONS 


AKRARAAAAA AAS 
VVVVVVVVUVVVVVVVVV VY 


Pita 
A 


AANAAAALA 
POP 


| REVOLUTION OF MOTOR SLIP 


neon Ny 


{REVOLUTION QF MOTOR SLIP 


“VIBRATION 


i REVOLUTION OF MOTOR SLIP 


{REVOLUTION OF MOTOR SLIP. 


Figure 4. Oscillograms showing the effect 

upon the machine vibration of simultaneous 

changes in the motor supply frequency and 
speed 


. Machine speed 3,400 rom 
Machine speed 3,800 rpm 


A 
B. 
C. Machine speed 3,900 rpm 
D 


. Machine speed 5,000 rpm 
For comparing vibration amplitude of D with 
amplitudes of A, B, and C, divide by two 


speed. Then the motor voltage supply 
was switched off and the machine allowed 
to coast to rest without load and without 
electrical excitation of any kind. The 
vibration was recorded while the machine 
was coasting to rest. The mechanical 
vibration has a maximum amplitude at 
approximately 3,580 rpm and contains a 
very large second harmonic component. 
This component decreases in amplitude 
quite markedly as the speed decreases, 
pe becomes negligible at approximately 

800 rpm. 

That the beat vibration reached a high 
amplitude because of mechanical reso- 
nance is demonstrated by the following 
test. The motor of the set was supplied 
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from an adjustable frequency source and 
operated at different speeds by adjust- 
ment of the source frequency. The beat 
would become discernible when the speed 
was approximately 3,300 rpm, increase in 
intensity with an increase of speed above 
this value, and reach a maximum intensity 
at approximately 3,560rpm. Asthespeed — 
was increased further, the beat would 
come less prominent, and would be barely 
discernible at 3,900 rpm. It was com- 
pletely absent at 5,000rpm. This behav- 
ior is illustrated by the oscillograms of 
Figure 4, together with that of Figure 2B. 
These oscillograms were obtained at 
speeds of 3,400 rpm, 3,800 rpm, 3,900 
rpm, 5,000 rpm, and 3,530 rpm, respec- 
tively. For a comparison of relative 
amplitudes in Figure 4, the ordinates of 
oscillogram D are to be divided by two, 
since this oscillogram was obtained with 
the oscillograph adjusted for double the 
sensitivity used for Tecording the. other 
three. 

To ascertain the part of the machine 
responsible for resonance, the rotor assem- 
bly first was examined critically. The 
first ordinary critical speed was computed 
analytically by several methods from the 
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_ dimensions and masses of the rotor assem- 
bly. Different methods gave values 
ranging from 5,500 rpm to 6,200 rpm. 
As a final check, the rotor assembly was 
temoved from the machine and mounted 
on rigid supports at the bearings. The 


natural frequency of vibration of the 


rotor assembly was measured by record- 
ing the free vibration of the rotor assem- 
bly under impact. - Figure 5 is an oscillo- 
gram of the vibration at the center of the 
rotor assembly caused by a light blow 
from a rubber hammer. The blow was 
applied at the quarter-point of the rotor 
assembly. The frequency of the free 
vibration is 104 cycles per second, which 
corresponds with a first ordinary critical 
speed of 6,240 rpm. In actual operation 
_ of this machine, the bearings were not 
rigidly supported. This lack of complete 
rigidity somewhat lowered the ‘critical 
speeds. 
critical speed due to gravity actually 
occurred between 2,800 and 2,900 rpm, 
which would fix the first ordinary critical 
speed at approximately 5,700 rpm. 
With the first ordinary critical speed of 
the rotor in this speed range, it is im- 
_ possible toattribute theresonance phenom- 
enon which occurred at 3,560 rpm to 
any resonant condition in the rotor 
assembly. 

Impact tests similar to ee described 
_ above were made to determine resonant 
_ frequencies in the machine frame. 


in shape, was mounted on three rigid 
point supports which could be moved to 
different relative positions. Blows were 
applied at different points of the frame, 


with and without the rotor assembly in | 


place; and the vibration resulting at 
various points of the machine was re- 
corded and studied. The nature of the 
free vibration depended upon the relative 
location of the three fixed point supports, 
the point where the blow was applied, 
and the point where the vibration was re- 


corded. It made no apparent difference — 
whether the rotor was in place or removed. 


The oscillograms of Figure 6 and Figure 7 

are typical of the results obtained, Fig- 
ure 6 shows a very prominent 115-cycle 
component and Figure 7 a very prominent 
125-cycle component. In obtaining the 


oscillogram of Figure 6, two of the three | 


point supports were placed at extreme 
corners of the frame at one end of the 
machine, and the third point support was 
placed at the center of the opposite end. 


For Figure 7, symmetry of the supports . 


with respect to the frame was main- 
tained, but the supports were placed con- 
siderably closer together. The actual 
mounting of the machine corresponded to 


a condition intermediate between these 


two and gave a resonant frequency of 
approximately 119 cycles per second. 

As a final check on considerations re- 
' garding the cause and nature of the beat 
vibration, the frame of the machine was 
stiffened by welding several pieces of 
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By observation, the secondary 


! 


The . 
_ complete frame, which was rectangular 


angle iron to the frame. The machine 
was operated at rated voltage and fre- 


. quency, and the vibration was studied 


under different conditions of motor load, 
and with various*arrangements of the 
three rigid frame supports. After rein- 
forcement of the frame, the beat was 
completely absent at many points of the 
frame regardless of the arrangement of 
the rigid frame supports. At other points 
the beat could be detected, but was not 
prominent. At points where the beat 
was most prominent, the vibration was 
similar in character to that of Figure 4C. 
At other points, the vibration consisted 
almost entirely of a component slightly 
less than 60 cycles per second, which was 
due to slight mechanical unbalance of the 
rotating assembly. That the beat vibra- 
tion was produced by the combined effect 
of electromagnetic and mechanical driv- 
ing forces and reached a high amplitude 
because of resonance in the frame is 
clearly indicated by these tests and 
observations. 


Conclusions 


Vibration and noise in electric machin- 


ery arise by virtue of both mechanical . 


and electromagnetic driving forces which 
exist simultaneously during normal ma- 
chine operation. The amplitude of the 
vibrational response which results de- 


FREE VISRATION 


Figure 5. Free vibgation of machine rotating 
assembly produced by a sudden blow from a 
rubber hammer 


Assembly was mounted on rigid supports at 


~ the bearings 


\ 


pends upon the amplitude of the driving. 
‘forces, and also upon the mass, stiffness, 


and damping factors of the component 
parts of the machine. To secure quiet 
operation and comparative freedom from 
vibration, all of these factors must be 


dealt with. When excessive vibration is - 


present in a machine of a particular de- 
sign, the factors or agencies which con- 
tribute most to this condition must be 
ascertained, and modifications in design 


and construction made to minimize them. - 


Because of inherent design features, two- 
pole induction machines and high-speed 
motor generator sets present more difficult 
problems from the standpoint of vibration 
than do machines having a greater num- 
ber of poles which operate at lower speeds. 
Certain mechanical and structural irregu- 
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larities of the rotating assembly may pro- 
duce harmonic driving forces, and in par- 
ticular a mechanical driving force having 
a frequency which is double the speed of 
rotation in revolutions per second. This 
driving force, acting simultaneously with 
an electromagnetic driving force having a 
frequency double that of the voltage sup- 
ply, causes a resultant vibrational re- 
sponse which builds up and dies away in 
amplitude twice during each revolution of 
motor slip. This ‘‘beat vibration’’ may 
be very troublesome, particularly if the 
frame of the machine has an inherent 
resonant frequency which is approxi- 
mately double the frequency of the volt- 
age supply. A beat vibration of this 
kind may be reduced by careful attention 
to mechanical irregularities which givé 
rise to the second harmonic component of 
‘mechanical driving force, or, if resonance 
is a contributing factor, by modifying the 
frame of the machine so that resonance 
does not occur. The second-harmonic 
component of electromagnetic driving 
force is inherent in the machine and can- 
not be eliminated; but it may be reduced 
with respect to the frame by the use of a 
stiffer stator core, or by the use of a special 
stator mounting which will not transmit 
the core response to the frame in cases 
where such refinements are justified. 
Whenever excessive vibration is encoun- 
tered in electric machinery, a compre- 


« FREE VIBRATION 


IMING WAVE 


Nemaranreorat 


Figure 6. Free vibration of ciechite frame 
produced by a sudden blow from a rubber 
hammer 


Frame was supported by three rigid point 

supports, one at each corner of one end of the 

frame, and one at the center of the opposite 
end of the frame 


FREE VIBRATION 


Figure 7. Free vibration of machine frame 
produced by a sudden blow from a rubber 
hammer 


Frame was supported by three rigid point 


supports, two near one end of the frame, and 
the third near the opposite end of the frame 
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hensive study based upon a consideration 
of the frequency of the components of 
vibration present and the agencies which 
give rise to them will point the way to 
proper corrective measures and modifica- 
tions which will be effective in reducing 
the resultant vibration. 
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Electrothermal Space Heating and 
ee | Air Conditioning aman = 


Nadia GEORGE H. KRUEGER. 


NONMEMBER AIEE — 


PACE heating of dwellings has been 
one of the prime necessities in the 
improved living conditions of the human 
race and one that has received consider- 
able study from the earliest time. As 
the various heating methods were de- 
veloped, from the early open fireplace to 
modern heating equipment, utility and 
esthetic designs for the heating equipment 
were given a great deal of consideration. 
In Sweden very artistic heating units 


were developed approximately 150 years. 
“ago of ceramic glazed tile, which were 


extremely attractive in design as well as 
being useful. These devices used small 
quantities of fuel to heat the entire mass of 
tile, and the heat energy stored in this 
tile was radiated into the room, furnishing 
the required heat for theday. — * 

In the last 20 years in the Pacific North- 
west, experiments have been conducted 


‘continually, and many practical installa- 


tions which utilize electric energy for 
heating have been made. However, these 
installations have been almost entirely of 
the radiant and convection type of heater. 
This type of heater requires an uninter- 
rupted supply of electric energy. In 1935 
at the city of Grand Coulee, adjacent to 
Grand Coulee Dam, an electric heat- 
storage installation was constructed and 
placed in operation utilizing granite 
boulders for the heat-storage medium. 
This installation was operated for ap- 
proximately two years on an experimental 
basis, the results of which experiment 
were outlined fully in a report by the 
State College of Washington experiment 
station.! Also in the Pacific Northwest, 
several installations of storage heaters 
utilizing hot water are in operation with 
varying degrees of success. f 

The problem of filling valleys and re- 
ducing peaks in daily load curves of utility 
systems has existed since the early days of 
electric distribution. 
has a direct bearing on cost of service. 
Increasing load factor decreases cost of 
a a 


Paper 44-155, recommended by the AIEE com- 
mittee on domestic and commercial applications 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
Script submitted April 17, 1944; made available 
for printing May 24, 1944, 
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Pacific Northwest are low enough to I av 


' cipally during the night hours 


Daily load factor 


service. Incentive rates have been estab 

lished by utilities in order to encourage 
use of electric service during off- 
hours, as witnessed by special rates estab- 
lished for hot-water heating and the de- 
velopment of devices for controlling use 
of electricity during predetermined hours. 
The present-day prices charged for elec 

tric energy used by consumers in 4 


encouraged serious consideration of the 
adoption of electric space heating. i 

The increased cost of oil, coal, and woot 
fuels, and the severe curtailment of oi 
an incentive for the use of electric energ 
in space heating. ; 

These conditions led the author to 
consider the development of a method for 
utilizing an electric-energy—heat-storage 
system which would permit the use of — 
off-peak electric energy obtained prin-— 

In designing the electrothermal stor- 
age system for space heating, considera- 
tion was given not only to the hea 
but also to the problem of air condition: 
in as simple a manner as possible, bearing 
in mind that the electrical method was the 
one offering the greatest possibilities for 
regions having low-cost hydroelectric 
energy as available in the Pacific North- 
west. Cleanliness was also a prime 
factor to be considered. It was de- 
cided that a medium for heat storag 


‘ should be selected which offered extreme — 


flexibility and provided for the storage of 
a large amount of heat energy in the mini- 
mttim of space. Water under moderate 


pressures and temperatures seems to offer 


the best solution to this problem. There-— 
fore, a system was devised wherein water 
is stored in an unfired pressure vessel — 
under a pressure of 200 pounds per square 
inch and at the saturated temperature 

corresponding to this pressure. Electro-_ 
thermal space heating is based on funda- 
mental thermodynamic principles, when 
a common fluid (water) is used for the 
storage of heat generated by electric 


energy. The heat is stored in the fluid 


under pressure. As the pressure is re-_ 
duced, the sensible heat of the fluid is 
converted into latent heat of vaporiza-— 
tion. The vapor carries this heat to the 
heat exchanger and liberates the latent — 
heat when condensation takes place. 
By the use of this method of off-peak 
heat-energy storage, economical use of a 


utility’s distribution system can be ac- 


complished. The present distribution 
systems of the various utilities are being 
~ H al a : 

" cit Res 
ELECTRICAL ENGINEERING - 


, 
ie a. © 


utilized at a relatively low load factor. 
Greater use of these facilities during the 
periods when the load factor is low per- 
mits the fullest possible use of the sys- 
tem with only minor expansion of the dis- 
tribution facilities. Any added use of 


these facilities is a source of additional 


revenue to the utility with only’ slight 
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Light Company (main 
_ December 16, 1943, shows the night load 


additional cost. Another very impor- 
tant factor of the off- -peak storage system 
is that it does not require the utility to 
guarantee uninterrupted service. This 
factor has caused the utilities in general 


_to back away from space-heating loads, 


because additional equipment is re- 
quired on their part to render this un- 
interrupted service. Normal outages in 
no way would affect the heating of the 
dwelling, if the sterage system is in use, 
As a general thing, the rate structure of 
a utility is set up to carry all fixed charges 
and operating expenses plus a reasonable 
profit on the distribution of energy at a 
moderate load factor. Therefore, the 
additional energy distributed over their 


existing facilities without much addi- 
tional cost to them is very desirable. . 


The revenues derived from this additional 


of electric energy, thus benefiting both 
the utility and the user. 

_ With reference to Figure 4, a typical 
daily load curve of the Pacific Power and 
system) for 


between midnight and 6:30 a.m. to be 
less than half of the peak load during the 
evening hours from 5:00 p.m. to 7:00 
p-m. On this load curve the morning 
peak between 8:00 a.m. and 12:00 noon 


_ is slightly lower than the two-hour peak 


between 5:00 p.m. and 7:00 p.m. _How- 


_ energy will result in a greater net income, | 
which in turn can be shared with the users 


ever, some of the systems reverse this — 


order and have a higher peak during the 


morning hours, but the duration of both 
morning and evening peaks are approxi- 
mately as shown on this load curve. It 


‘ 


- is the object of the off- -peak electrothermal 


heating erates to use as much as possible 
of the available energy represented by the 
valleys in this curve for space-heating 
purposes. The shaded section above the 
load curve represents the energy that 
would be used by 100 homes similar to 
the one that was chosen as a demonstra- 
tion unit at the Midway substation of 
the Bonneville Power Administration, 
which is located in the area of central 
Washington served by the Pacific Power 
and Light Company. “It is estimated 
that the off-peak energy represented by 
the valleys of this load curve could be 
tused to heat 1,500 five- or six-room dwell- 
ings. 

The electrothermal off-peak heat-stor- 
age system was designed to meet all of the 
safety and insurance requirements of the 
state of Washington, the city of Seattle, 
and the city of Tacoma, as well as the 
code of the American Society of Me- 
chanical Engineers for unfired pressure 


Figure 1. 


vessels. ~All electric equipment used in 
this system has been approved by the 
national Underwriters’ Laboratories. 


Principal Equipment of the Electro- 
thermal Off-Peak Storage System 


“A general description of the electro- 
thermal storage-space-heating and air- 
conditioning equipment consists of the 
following: 


The main items of equipment are a super- 
heated hot-water accumulator, immersion 
electric heaters providing the source of heat, 
a reducing valve for automatically releasing 
the heat energy from the accumulator to a 
lower pressure level, a heat-transfer element 
for transmitting the heat energy into the air 
used for heating the dwelling, a condensate 
receiver to store the condensate until such 
a time as it is returned to the accumulator, 


‘an electrically controlled feed pump, a 


thermostat for maintaining a constant pre- 


; ACCUMULATOR 


determined temperature in the dwelling, a 
humidistat for maintaining the relative 
humidity at a predetermined level, renew- 
able dust filters, activated carbon filters, 
and an air-circulating fan. 


Method of Operation of Electro- 
thermal Off-Peak Storage System 
for Winter Heating 


A schematic diagram of the electro- 
thermal off-peak accumulator system is 
shown in Figure 1. A description of the 
method of operation of this system is out- 
lined here. 

The accumulator A is an unfired pres- 
sure vessel filled 90 per cent full of water 
under normal operating conditions. 
When fully charged the pressure in the 
accumulator is maintained at 200 pounds 
per square inch and 388 degrees! Fahren- 
heit. The accumulator is built according 
to the specifications of the latest unfired 
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Schematic diagram of complete electrothermal Aue accumulator heating 


"and air-conditioning system 


Equipment: 


A. Electrically heated water tank and accu- 


Normal operating condition 90 per 
cent full 

Steam-pressure reducing valve 

Condensate receiver 

Modulating thermostat control valve 

Room thermostat and time clock 

Heat-transfer element 

Condensate return trap 

Feed pump 

|mmersion electric heaters 

Pressure control 


Humidifier 


mulator. 


PALTOQ™MOO® 


Specifications: 


All electrical controls to be Underwriters’ 


. Air fan 
Plenum air chamber 
Activated carbon filter for air purification 
Removable air filter for dust 
Return air duct from rooms 
Evaporator 
Condenser 


Chilled-water pump 

Control panel 

Float switch in condensate receiver 
Room humidistat 

Humidity-control valve 
Thermocompresser unit 


Xx<XS44R7O%OZS 


approved standard. Accumulator to be 


approved ASME unfired pressure vessel for 200 pounds per square inch and 388 degree: 
Fahrenheit. ales fittings, and piping to be American standard for 200 pounds pei 
square inch working steam pressure ; 
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pressure vessel Code as published by the 
ASME, which insures a pressure vessel 
having a high factor of safety for use in 
dwellings. 
in the accumulator is released through a 
_ pressure-reducing valve B, which reduces 
the pressure from 200 to 2 pounds per 
square inch. The two-pound per square 
inch steam line is provided with a safety 
valve in order to limit the pressure in this 
part of the system to not more than five 
pounds per square inch. Thermostatic 
control valve D, which is under control of 
the room thermostat and night setback 
time clock E, regulates the flow of steam 
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ae P : . 


rica 2. Schematic diagram of electro- 

thermal off-peak storage heating system — 

as applied to low-pressure and vapor 
* steam-radiation systems 


~ 


~ For identification of letters, refer to Figure 1 


to the heat-transfer element F as gov- 
erned by the room temperature. Valve 
D is a modulating valve permitting con- 
tinuous flow of varying quantities of 
_ steam as required and is not the on-and- 
off type. As the steam is condensed in 
the heat-transfer element, the flow of 
condensate is controlled by a thermo- 
_ static trap G, which allows only the liquid 
to pass. The condensate is returned to 
the condensate receiver. C, where it is 
oes until such a time as the liquid level 


? 


has risen to a predetermined point. At 
this predetermined point the float switch 


= V energizes the feed-pump circuit and 
permits the feed pump H to return the 
condensate to the accumulator A at the 
slow rate of approximately 0.25 gallon 
per minute. The condensate cannot be 
_ returned to the accumulator unless the 
_ heating elements J. are energized. This 
low rate of feed to the accumulator was 
fixed, so that this water could absorb 
nearly all of the required heat energy 
from the immersion electric heaters, 
rather than deriving it from the high- 
temperature water in the accumulator. 
It is evident that with this closed circuit 
there will be little or no loss of water 
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The vapor above the water 


which would require an ‘appreciable. 
Because of. 


amount of make-up water. 
the closed circuit there is no accumulation 
of solids from the water to. form objec- 
tionable scale in the system. Safety 
features in connection with the hot-water 
accumulator are a safety valve with out- 
side discharge, which has a steam-flow 
capacity considerably in excess of the 
heat- -generating capability of the electric 
immersion heaters J, and an electric 


pressure control K which interrupts the 


power circuit to the electric heaters when 
the pressure in the accumulator has 
reached the Picea pressure of 


ELECTRIC OVEN: 
STEAM PRESSURE COOKER 
STEAM STERILIZERT> | 


al? fe; 

ELECTRIC PLATES 

STEAM TABLE j———} foo - 
TRAPS sas 


ERMOSTATIC 
ALVE ~~ 


SAFETY VALVES 


DOMESTIC 
WATER 


aig DRAIN TO 
55LBS/HR CAPACITY SEWER 
AT 200 LBS/SQ IN. 


TO RANGE, WATER HEATER 
AND LIGHTING CIRCUITS f 
LIGHTING, RANGE, WATER 
HEATER CONTROL PANEL ~ 


pails 
as aoe 


200 pounds per square inch. Air re 


quired to transmit the heat from the 
heat-transfer element to the rooms of the 
dwelling is propelled through the heat- 


transfer elementiinto the plenum chamber 
N by the forced-air-circulating fan M. - 


From this point air is conducted to the 
rooms of the dwelling by well-designed 
and well-constructed air ducts. The re- 


turn air from the rooms is conducted 
through the return air ducts Q, and is 


passed through removable dust filters P, 
which remove all dust and lint from the 


air, This air then passes through acti- 


vated carbon filters O, which remove all 
household odors. Outside air is ad- 
mitted to the suction side of the fan in 
sufficient quantities only to maintain the 
oxygen and the carbon-dioxide contents 
of the air at normal levels. By recir- 
culating the air in the system, with only 
this small addition of outside air, ‘con- 
siderable heat is saved, and a slight posi- 
tive pressure inside is maintained, thus 
reducing infiltration of outside air. To 


maintain the proper relative humidity 


in the dwelling, a humidifier L is pro- 
vided. The moisture for humidification 
is provided by a fine spray nozzle that 
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day and then re-established during 


} SUPPLY 


=e Method of Operation of 


. trols. 
circulating chilled water through the 
_heat-transfer element F, This chilled 
water is produced by the use of a small’ 


‘tacts the water duto “the 
the form of a mist This 
through the heat exchanger ed 
pletely vaporized and mixed with th 
heated air. The flow of water to 
spray nozzle is through valve XE is 
under the control of room humidistat W. 
To govern the flow of electric energy 
the system, time switches are provid 
determine the point at which the ene 
is cut off during the peak period of 


night hours. A second time swite 
provided which will permit a limi 
amount of energy to be taken during 
off-peak period between 12:00 noon an 
5:00 p.m. The controls are operated > 
that the various | inate are energie 


‘oad eannot be thrown on the eysteall 
one time. This function is controlled by 
a motor-driven step controller which — 
- permits the energization of the first fo 
kilowatts of heater capacity, then t 
next six kilowatts of heater capacity, 
and finally the last four kilowatts. — 
Should the demand for heat during the 4 
day vary from the maximum, the step 
controller will reverse its direction of — 
rotation and de-energize the heaters a 
steps in order that the predetermined 
pressure of 200 pounds ‘per square inch 
in the accumulator will not as wey 


Electrothermal Off-Peak 
Storage System for Summer 
Cooling 


H 
~, 


_ For summer cooling, the steam supply 
to and condensate supply from the heat- — 
transfer element are shut off by the clos-_ 
ing of valves in those lines, and the ree 
valves controlling the chilled water toand _ 
from the heat-transfer element are open, ; 
and a summer switch governing the auto- — 
matic controls is placed in the summer] 
position. This automatically energizes 
the summer cooling equipment and con- 

The cooling is accomplished by 


vacuum water-refrigerating unit which 
comprises a thermocompressor unit, con- 
denser, and evaporator. The steam from 
the accumulator is utilized to operate the 
thermocompressor Y, which together with © 
secondary steam-jet ejectors produces a 
vacuum in evaporator R. Return water . 
from the heat-transfer element is sprayed — 
into the evaporator, which operates at a 
high vacuum causing the evaporation of | 
a portion of the return water. This 
evaporation removes the heat from thes 
balance of the return water, reducing — 
its temperature to approximately 45. 
degrees Fahrenheit. The water vapor 
evaporated, plus the steam supplied to 
the thermocompressor, is carried over 
to the sbi iS} whieh is cooled a 
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circulating water from the domestic water 
supply. The condensate from the con- 
denser is returned through a vacuum trap 
to the condensate receiver C, and thus re- 


enters the closed circuit to the accumu-_ 


lator. The chilled water from the bottom 
of the evaporator is circulated by a 
chilled water pump 7. This pump is 
controlled by the room thermostat £, 
thus maintaining a temperature within 
the dwelling approximately 15 degrees 
Fahrenheit below the outside air tem- 
perature. As the entire system is con- 
trolled automatically, after beingadjusted, 
it requires little attention for operation. 


AIR VENT - 


SE)7 
ae 


STEAM 
(2LBS/SQ IN.) 


: 


‘HOT-WATER HEATER 


DOMESTIC ‘ 
WATER 
SUPPLY 


_ With an accumulator system of this 
kind in a dwelling, advantage can be 
taken of the stored heat energy to provide 
sterilizing steam for use in the kitchen, as 
well as to provide a source of steam-heat 
energy for pressure cooking of food and 
for a steam table to maintain prepared 
food at a uniform temperature, thus 

making available to the occupant of a 

small dwelling all of the conveniences that 

now are available in the most modern 
hotel and restaurant kitchens. 


Low-Pressure Steam Installations 


Figure 2 shows adaptability of the 
electrothermal heating system to existing 
dwellings having low-pressure steam- 
heating installations. 


The. electrothermal heating unit can” 


be used as the source of heat energy for 
existing dwellings that have installations 
of. low-pressure steam radiators F for 
heating. It is not considered necessary 
to repeat the description of the various 
elements in the electrothermal heating 
system, as these have been described 
earlier in this paper. In order to adapt 
- the electrothermal storage heating system 
to a low-pressure steam-radiator installa- 
tion, it is necessary only to connect the 
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J) (6-18 L8s/Sa IN) eer 
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two pounds per square inch steam-dis- 
charge header from the hot-water accu- 


mulator to the main steam riser of the 
existing system. The main thermostat 
£ will respond to the room temperature 
and regulate the steam flow through the 
modulating-thermostat-control valve D. 
By this method of control the steam flow 
to the radiators varies with the demand 
for heat as indicated by the thermostat. 
The condensate from the radiators is re- 
turned through the common drain header 
back to the condensate receiver C through 
the thermostatic trap G. Here again the 
system is a closed one, and the condensate 
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Figure 3. Schematic diagram of electro- 
thermal off-peak storage heating system as 
applied to gravity and forced-circulation hot- 
_ water heating systems \ 
Equipment: 
A. Electrically heated water tank and accu- 
mulator. Normal operating condition 90 per 
cent full 
Steam-pressure reducing valve 
Condensate receiver 
Modulating thermostat control valve 
“Room thermostat and time clock 
Hot-water radiation 
Condensate return trap 
Feed pump 
Immersion electric heaters 
Pressure control 
Hot-water pump, either forced or gravity 
circulation 
Control panel 
Float switch in condensate receiver 
Expansion tank 


Vhs 


/ 


is continually re-used with only slight 
make-up water being required. With this 
low-pressure steam-heating system, no 
control of relative humidity or air con- 
ditioning is possible unless additional 


ventilating ducts and equipment are in-_ 


Krueger—Space Heating and Air Conditioning 


stalled. The various uses to be made of 
the steam in the kitchen and for hot-water 


_ heating remain as previously described. 


Hot-Water Heating 


Figure 3 shows the two general types 
of hot-water-heating systems that are 
installed in existing dwellings, namely, 
gravity systems and forced-circulation 
systems. The use of the electrothermal 


_ off-peak accumulator system with either 


type of the previously mentioned in- 
stallations is practically as simple as that 


‘used in the low-pressure steam radiator 
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Figure 4. Typical daily load curve of a 


utility system 


Effect of space-heating load on Pacific Heh 
and Eight Company. 100 homes—accuimulator, 


system, ; 
\* 


system. In order to adapt the electro- 
thermal accumulator system to hot-water 
heating, it is necessary to provide only a 
small hot-water tank fitted with an im- 
mersion steam coil. This coil functions _ 
as a heat-transfer element to heat the 
water of the radiator system. The flow 


of steam to this immersion coil is con- 


trolled ‘by the modulating thermostatic 
control valve D, which in turn is con-_ 
trolled by room thermostat EZ. The cir-_ 
culation in the gravity hot-water system 
is comparatively slow, which makes it 


_ difficult to maintain a uniform room tem-— 


perature. If the hot-water system is of | 
the forced-circulation type, a more even 
distribution of the water is obtained 
throughout the system, and the water 
temperature can be governed more uni- 


- formly by the thermostat. The hot-water 


Figure 5. Chief operator's cottage at Midway 
substation 
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heating systems do not provide humidi- 
fication nor air conditioning. In order 
to obtain these features it would be neces- 
sary to provide humidifying and ventilat- 
ing equipment. 


‘ a 


Midway Cottage-Installation 


An eléctrothermal off-peak heat-stor- 
age and air-conditioning system has been 
installed recently in a five-room cottage 
at the Midway substation of the Bonne- 
‘ville Power Administration in central 
Washington (see Figure 5). 
The cottage has no basement. There- 


fore, to conserve space in the dwelling, 
the entire electrothermal and air-condi- 


i tioning unit was installed in the attic. 


The cottage is well-constructed with 
insulated floors, side walls, and ceilings. 


All windows are tightly weather-stripped, 


and. both front and back entrances are 


_ vestibuled with double doors. The design 


~ 


conditions at Midway are minus five 


degrees Fahrenheit outside and 70 de- 


grees Fahrenheit inside, with a computed 
heat loss for the dwelling of 35,000 Btu 


' per hour. 


All of the heating equipment is housed 
in a small well-insulated room constructed 
in the attic. This room is easily reached 
through a hatch from the utility room on 
the first floor. 


The electric control board was placed | 
' on the outside wall of the small equipment 


room to make it accessible for testing 
purposes. This boardis shown in Figure 6. 

The cold air return duct system was 
installed under the floor, and the hot air 


- ducts were placed over the ceiling joist. 


The hot air is distributed from the duct 
system through registers or grills placed 
near the ceiling line, affording a very 
even method of distribution of the air 
in the dwelling. 

Two electrothermal hot-water accumu- 


722 TRANSACTIONS 


lators were used in this installation in- 
stead of a single larger one in order to 
secure the required heat- storage capacity 
and yet be small enough to pass through 
a 24-inch by 24-inch hatch to the attic. 

The arrangement of the equipment in the 


room is compact yet accessible for main-' © 
tenance purposes. 


Hot-water accumulators are insulated 
with 41/2 inches of magnesia block and 4 
inches of rock wool and then covered ue 
duck which is pasted on. 

The entire duct system is insulated wits 
rock wool, which is wired on and finished 
by covering with duck. 


Figure 6 (left). Con- 


trol panel 


Figure 7 (right). Ac- 
cumulators, pressure- 
reducing equipment, 
and electric control 
equipment : 


Figure 7 shows the equipment installed 
inside the attic room. 

Each of the two accumulators contains 
104 gallons of water. At the normal 
operating condition the accumulators 
have an effective heat-storage capacity of 
300,000 Btu, between 200 pounds per 
square inch and 2 pounds per square inch. 

The Midway installation incorporates 
all of the features discussed in connection 
with schematic diagram, Figure 1, with 


the exception of the refrigerating unit. 


This will be installed as soon as it is com- 


pleted. Weather conditions have been . 


too warm to obtain any scientific data on 


this heating system. 


Conclusions 


Electrothermal space heating atid air 


conditioning is based on thermodynamic 
principles and is very simple. The equip- 
ment involved in the construction of the 
system is standard and can be supplied 
by existing manufacturers. 


Heating and heat-storage features can - 


replace oil, coal, or wood- -burning equip- 
ment used in existing heating systems 
in ' dwellings, such as hot-air heating, 
Figure 1; low-pressure and vapor-steam 


heating, Figure 2; and gravity or forced- 
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. housewife all the advantages. 


the use of their distribution systems 


),*. 


circulation hot-water stems are 
use of 


seis aa steam “abies gi 


modern hotel kitchen. 
‘The system is practical and ec 
to install 4 in any ee or ites ng 


estimated ‘hat ie cue 33 conver me 
hot-air heating system to the ele 
thermal storage heating system in a 
room dwelling would not exceed $60 
The electrothermal heat-storage 


using hydroelectric energy that other 
would be wasted in stream-flow plan’ 
This system is advantageous from 


much higher load factor than is now pos- 
sible. It also offers the advantage that 
an interruption to the service for short 
periods of time, which are unavoida 
has no effect on the operation of pe 
storage system. 


The consumer derives advantages aoa 


the storage system by being assured of a 


continuous heat supply. Then there are 
advantages of cleanliness, elimination of 
all fire hazards, lower insurance rates, 


simplicity of operation, and minimum 
. space requirements. 


Studies indicate that the cost of the 
equipment installed in the dwelling is 
moderate and competitive with other 
first-class heating and air-conditioning 
equipment on the ma at the present 
time. : 
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ELECTRICAL ENGINEERING 


An Investigation of the Relationship 


Between Temperature and Movement of 


Cables in Ducts 3 


C. T. NICHOLSON 


NONMEMBER AIEE 


ANY complex thermal and mechani- 
cal influences govern the relation- 
ship between electrical loading and the 
movement of cable in an underground 
conduit line. It is probable therefore that 
a knowledge of the relationship will come 
only through the analysis of many careful 
observations of the movement of cable in 
conduits of different types and in different 
locations and also under the influence of 
electrical loadings of various magnitudes 
and durations. It is apparent that engi- 
neers now appreciate the importance of a 
knowledge of the factors that influence 
cable movement as well as of the control 
of these factors as a requisite for higher 
loading of cables that operate under the 
load factors normally encountered. 


This paper contributes to the general © 


information that is accumulating on the 
subject the results of tests made over a 
five-month period in the underground 
distribution system in Buffalo, N. Y. It 
also describes the testing methods and the 
equipment used in the hope that this in- 
formation will prove helpful to others 
who may wish to conduct similar tests. 
Finally the paper advances a theoretical 
explanation of the relationship between 


the electrical loading and the mechanical — 


movement of cable. The test results sup- 
_port the theory, but more data are re- 
quired for a confirmation. It is hoped 
that the presentation of this theory will 
pate the assembly of additional data. 


Deserintion of Conduits and 
Cables on Test 


About 8,600 feet of 350, 000-circular-mil 
25-kv cable, located in a typical under- 
ground conduit line, was operated on a 
controlled-current loading schedule which 
permitted the recording of the expansion 


Paper 44-132, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, Manuscript 
submitted April 17, 1944; made available for 
printing May 20, 1944. 
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and the correlated sheath temperature 
rise over a period of about five months. 
The load cycle for most of the tests was 
equivalent to a load factor of less than 
30 per cent, although some data were 
obtained for load factors approaching 
100 per cent. 

The site of the test was a 4, 300-foot 
conduit run in an area considered typical 
of underground-system conditions in 
Buffalo. The conduit installation is less 
than 15 years old. It contains 16 four- 
inch fiber ducts installed in a concrete 
envelope with the individual ducts on 
seven-inch centers and arranged four 
ducts wide and four ducts high. Most of 
the manholes are ten feet long, six feet 
wide, and about seven feet deep. The 
entire line is located beneath asphalt 
street paving. 

The general arrangement of the test 
conduit line is shown in plan and profile in 
Figure 1. There are 17 sections between 
manholes, and individual sections vary 
from less than 100 feet to over 400 feet in 
length. Some of the sections are in rock, 
whereas other sections are above the rock 
line. Some of the sections are submerged - 
in ground water, some are what might be 
termed moist, and a few are relatively 
dry. . 

The conduit is not subjected to external 


‘heat influences and carries only three 


three-conductor 350,000-circular-mil, 25- 
kv cables all located in the bottom row of 
ducts. Two of these cables, in adjacent 
ducts, were used for the tests. The re- 
maining cable carried no load while the 
test was in progress. The cables manu- 
factured in 1930 have regular sector con- 
ductors which are insulated with ”/,,inch 
of impregnated paper and shielded with 
three-mil-thick copper tape over the insu- 
lation. The insulated conductors are 
bound together with a five-mil-thick steel 
binder. The lead sheaths are 9/g, inch 
thick. The complete cable has an over-all 
diameter of 27/s inches and weighs about 
12 pounds per foot. 

These cables, installed in their present 
location in 1931, have attained sheath 
surface dullness and rest in the ducts in 
anormal fashion. They have never been 
loaded above a small fraction of their 
normal carrying capacity. They are 
arranged rather well in the manholes with 
the splices centrally located on hangers 
approximately 40 inches apart. The 
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splicing sleeves are 28 inches long and 
51/, inches in diameter. The two cables 
included in the test are carried through 
the manholes on the same 17-inch arms. 
Radii of the bends in the manholes vary 


_ considerably but fall in the general classi- 


fication of 15 inches at the duct mouth 
and 30 inches at the support arm with a 
total offset from the line of ducts of 18 


. inches. 


Description of Test Equipment 


The two test cables, located in steed 
ducts, were connected in series, and the 
three conductors were connected solidly 
together at one end of this test circuit. 
The power supply to the test circuit was 
provided through a three-phase low- 
voltage source with variable-voltage con- 
trol, capable of providing up to 380 am- 
peres per phase to the test cables. This 


‘maximum current produced roughly 18 


watts loss per foot of cable. 
Time-clock control was provided so 
that the test current was initiated and 


_ interrupted on a selected time schedule. 


The test-current magnitude, however, 
was manually preselected with the result 
that unit cable losses varied somewhat as 
the test-cable conductors heated up on 
each load cycle. ‘ 

Cable-sheath temperature ‘was meas- 
ured by a special probe which fits into 
the same duct occupied by the cable. 
The probe is fitted with an “‘advance- 
copper’ thermocouple which is carefully 
shaped to make a large-area contact 


‘when it is pressed against the cable 


sheath by the action of a bellows. The 
couple is mounted on a small bakelite 
plate which is attached rigidly to the 
formed end of a small-diameter steel 
pipe. A small metallic bellows is at- 
tached to the pipe probe on the side oppo- 
site the couple. Figure 2 shows the 
couple end of the probe. 

The probe is inserted, couple end first,’ 
into the duct containing the cable to be 
checked. When the couple is in the duct 
six or seven feet from the manhole duct 
entrance, and contact between sheath and 


‘couple is evident from an electrical- 


continuity test between couple and cable 
sheath, a pressure of 15 pounds per square 
inch is applied to the bellows by way of 
the pipe probe. The bellows presses 
against the duct wall and forces the couple 
against and slightly into the cable sheath. 

Sheath temperature is read by using the 
thermocouple in combination with a po- 
tentiometer which is compensated for 
ambient temperature. During the tests 
the temperature measurements were 
taken at intervals of roughly 30 minutes 
and always at the close of each test. 
Unattended recording equipment was not 
used because of the possibility of losing 
thermal contact with the cable as a result 
of cable expansion. However, the probe 
was left in the occupied duct between 
readings to reduce effect of thermal lag. 
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Heaters on same time cycle as test cables. 


A continuous record was made of the 
_ expansion and contraction of the test 
cables at the duct entrances in the man- 
holes. This was accomplished through 
the installation of graphic recorders made 
up from old graphic demand instruments. 
_. A flexible shaft, attached to the cable at 
'» the duct edge, transmits cable motion to 
_ the recorder mechanism and pen and pro- 
vides a continuous record of cable motion 
_ on paper strip charts. This arrangement 
of the recorder is shown in Figure 3. 


__ _Mercury-bulb thermometers were used 
__ to obtain sink and empty-duct tempera- 
tures. A small-diameter steel pipe about 


manhole wall about four feet below grade 
and at right angles to the line of the 
conduit run to accommodate the ther- 
_ mometer for sink measurements. The 
locations at which sink temperatures 
_ were measured are shown in Figure 1. 


Test Schedule 


._ Before starting the tests, each manhole 
was carefully inspected, all subnormal 
arrangements of the cables were corrected, 
and all fireproofing was removed from the 
_ cables. The field survey was startéd by 
- taking photographs of the interior of all 
of the manholes by means of special 
photographic equipment which fitted into 
_ the manhole-cover openings in such a 
way that all pictures taken of each man- 
hole were from the same camera position 
and angle of exposure. This made possi- 
ble a direct comparison of photographs to 
determine the changes in the positions of 
the cables, splices, supports, and so forth, 
and for correlation with field measure- 
ments taken during the tests. The ad-- 
vantage of this care in the photographic 
work is shown in Figure 4, where a picture 
taken during a severe load cycle is super- 
imposed on one taken after the testing 
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‘vidual cycles occurred. 


. four feet long was driven through the © 


->* Four to eight- watt-per-foot heaters in adjacent ducts in section from manhole 317 east to manhole 347 west from 9-7- 43 to ead of tests. 


was coinpleted. 
photographic equipment itself. 

Bending radii and location dimensions 
were taken to establish the position of the 
cables at the start of the tests. Current 
then was applied in two four-hour 260- 
ampere cycles each day. This loading, 
four hours on and eight hours off in each 
12-hour period, was about double the 
24-hour load factor for which ratings 
were desired, but at the low heating level 
no carry-over of heat between the indi- 
This loading 
developed about seven watts per circuit 
foot of cable. 

Temperature observations during the 
first few load cycles showed appreciable 
increases in only six sections. Expansion 
recorders were installed on the 12 ends of 
these six sections. 
conduit line was either quite moist or 
partly flooded. 


“With a few Ghtereaptane for. spot | 


checks, the test schedule of two 260- 
ampere four-hour cycles every day was 
continued from May 13 to August 11. 
From that date to September 26 the 
schedule was changed to one four-hour 
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Figure 5 shows the 


The balance of the 


, 247 


260-ampere load cycle per 24-hour period. 
During this latter schedule special heating 
cables, each having losses of eight watts 
per foot, were installed in four ducts. 
adjacent to the test cables in one of the 
sections which showed a large tempera- 
ture rise during the earlier tests. The 
purpose was to simulate the effect 
additional loaded cables in this sec 
of conduit by the addition of losses eq 
to 32 watts per foot. The heating cables 
were energized and de-energized on the 
same schedule as the cables under test. 

_A few special tests were made at nig 
values of loading and some for long 
durations in order to obtain data on the 


thermal characteristics of the conduit — 


system. Hos data subsequently ae 


Figure 1. Plan and casas of the ‘ex cond Jui it ie 
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to be very informative in the study of the 
expansion phenomena. 


Test Results 
Figure 6 has been prepared as a general 


picture of the increase and decrease of the 
linear dimensions of the six cable sections 


as recorded by the equipment at each end 


of each section. This information is pre- 


sented by plotting the recorded positions - 


at the time of maximum longitudinal 
_ expansion and maximum contraction for 
_ each end of each cable section during each 
test cycle. These maximum and mini- 
mum points are joined together by 
straight lines except for the two long- 
duration load cycles and for those cases 
where the loading was discontinued for 
appreciable periods. The expansion and 
contraction curves for these special tests 


have been plotted on the basis of four 
_ points taken from the record during each , 


24-hour period. 
ie. The. scale used for longitudinal expani- 
sion in Figure 6 indicates,cable motion in 
the manhole. No movement of cable into 
the duct beyond the starting point was 
recorded in the six sections where re- 
corders operated. ; 
The gaps in the curves shown in Figure 
6 are the result of mechanical difficulties 
in the operation of the recorders. The 
_ data so lost are not of serious consequence. 
Table I shows the maximum sheath 
temperatures measured during each test 


for the six sections referred to previously. - 


It should be noted that the sheath tem- 
peratures given in the tabulation were 
taken at different loadings, at different 


ambient temperatures as shown by the | 


sink temperature measurements and also 
at different load factors. The tabulation 
gives the expansion of the cable that 
appeared in the manholes at each end of 
each section as a result of the ‘measured 
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sheath temperature rise also shown in the. 


tabulation. All of the values for expan- 
sion were obtained by scaling the curves 
of Figure6. 4 

The variation in the sheath tempera- 
ture increases at the 12 test points as 
shown graphically in Figure 7 at four 
different times and at three different 
heating levels. 

Figure 8 is a graphic ore of the total 


expansion during each test for each of the 


The bellows pro- 
vides the force to 
insure good thermal 
contact between the 
thermocouple and 
the cable sheath at 
a point six or seven 
feet inside the duct 


ue 


six sections on which recorders were in- 


stalled. The data for Figure 8 were ob-. 
- tained by adding together the recorded 


‘expansion of the two ends of each of the 
test sections to obtain the total expansion 
for each section for each test. The ex- 
pansion in éach case is the increase in 
length apparent in the manhole for each 
section and for an individual load cycle, 
without regard for expansion, permanent 
set, or other effects which accumulate as 
a result of such factors as changes in 
earth temperature and motion of the 
sections as a whole, which produce long- 
time changes and irregularities. 


Analysis of Tests 
The first thing of interest found in 


analyzing the test results is that the 
measured temperature rise at the test 


points is remarkably free from radical 
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variation with time. This is brought 
out particularly well in the two curves at 


_ the bottom of Figure 7 which are plotted 


from data taken during be made four 
months apart. 

_ Another interesting Ritorset. ome 
Figure 7 is that the maximum variation 
in measured temperature rise for the 
whole group of test points in any test — 
approaches two to one. This is not sur-, 
prising, but it is important since it could 

rs 


Sheath-temperature-thermocouple 
probe 


Figure 2. 


indicate that the variation of tempera-— 
ture over the individual section lengths is 

considerable and that measurements of. 
temperature taken at the ends of the 

section may not be a true indication of 

average section temperature. 

However, the comparison of the tem- 
perature measurements at the ends of the 
individual sections for each test shows a 
range of temperature variation consider- 
ably less than that for the whole test rum. 
Furthermore, the relationship between 
the individual end temperatures is main-— 
tained with change in load factor and 
load level as shown by a comparison of 
the shape of the upper curves with that 
of the lower curves in Figure 7. 

The plotted temperature rise, Figure 7, 
has many of the characteristics of the 
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elevation profile, Figure 1, in that the 
maximum temperature rise of each sec- 
tion is at the end of maximum elevation. 
This characteristic, in all probability, is 
due to the tendency of ‘the higher ends 
ofthe duct sections to have the minimum 
moisture in and around the duct bank. 
Turning next to Figure 9, ome sees 
that the shape of the curves for total 
measured section expansion and that of 
the curves for the average temperature 
rise have a very close similarity. It is 


interesting, however, that Figure 9 shows © 


‘several marked deviations from this simi- 
larity in the two groups of curves. 


At 


"the heating level existing on the 260- 
ampere four-hour cycle, the measured 
section expansion in all cases was less 
than one millimeter per degree centi- 
grade sheath rise, whereas at the higher 


heating levels found in the 325-ampere | 


72-hour and 300-ampere 149-hour tests 
the section expansion was on the average 
above one millimeter per degree centi- 
grade. In addition, the two lower expan- 
sion curves in Figure 9 show that for the 
260-ampere four-hour loading there was 
considerable variation in the expansion 
As measured at two different times while 
the temperature rise showed almost per- 
fect repetition. 


The curves in Figure 10 show that the. 


realized elongation of the cable observable 
in the manholes is less than 50 per cent 
of the theoretical free expansion of either 
the lead sheath or the copper conductors. 
Fortunately, these three effects, non- 
linear relationship of movement with tem- 
perature rise, variation with time of year, 
and failure to approach theoretical elonga- 
tion, are of interest chiefly in studies 


aimed at establishing the mechanism of 


expansion. A given cable installation 
can be operated satisfactorily with only a 
general knowledge of the relationship 
between loading and expansion. This is 
particularly true, since the arrangement 
of cable in a manhole is not carried out 
with scientific precision and with an 
expectation of permanency. Cable ar- 
rangements designed to permit certain 
top limits of expansion in most cases will 
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deteriorate with time, and only prohibi- 
tively expensive maintenance schedules 
could maintain the design conditions. 

In view of these considerations, it is 
concluded from the temperature-expan- 
sion relations shown by the curves of 
Figure 9 that one millimeter of longitu- 
dinal expansion observable in the man- 
holes per degree centigrade sheath tem- 
perature rise is a practical design factor. 
The length of cable section is not an 


‘important consideration, because all sec- 


tions in normal operation are reasonably | 
close to the average length of the six 
sections on these tests. In*addition, the 


Figure 3. Expansion-recorder 
mechanism 


The flexible shaft transmits cable 
f motion to the recorder pen 


Figure 4. Superimposed pictures to show. 


cable motion in a manhole 


x 


The dashed lines outline the positions of the 


expanded cables under heavy load. 


The 


solid lines outline the contracted positions of 


the cables under no load 


realized longitudinal expansion per unit 
length of cable is less for a long section 
than for a short section, and this tends to 
make the length of the section a rather 
unimportant factor in determining the 
anticipated longitudinal expansion.’ 

On the system under test, two cables 
were carried by the same 17-inch arms in 
the manholes. This arrangement will 
accommodate about 50 millimeters of 
total section expansion or about 25 milli- 
meters at each duct mouth, The 50- 


millimeter expansion produces about five - 
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‘and greater expansions should not eff 


not known, ee ne is Pees that 


. Mechanic of Expansion — 


Hehe Jeter mane may ie a 
~The 50-millimeter limitation for 
longitudinal expansion is acceptabl 
where the cables are properly arranged 
the manholes and where the radi 
curvature at the duct mouths and at th 
arms are appropriate. The life of the 
cable sheath under the flexing pro 
by the proposed expansion limit is not 
known accurately, but our inter tion 
of the tests reported to the AIEE k 
year by E. W. Osterreich is that at l 
20 years of operation can be expec 
before sheath trouble due to expan 
and contraction becomes serious. 
sional operation at higher temp 


the life of the sheath but may cause 

dental difficulties. . ‘oe 
The degree to which the results of these 

tests will apply to other installations : it 


sizes and ispes of cables ane dacs will 
. vary considerably from the findings given 
here. It is apparent, however, from th se 
tests that the Benn esi 


tions of en Pe es for’ aed cycles 
such as those pitahser ie in supply 
residential load. | : 


The tests described in this paper w 
made to determine the safe limits for the 
loading of a specific system. However 
it is felt that so much improvement ca: 
be made in the methods of constructing — 
and installing cable as a result of a ‘more 
complete understanding of the mechanism — 
of cable expansion under load that we 
have examined ica test results for data a 


ing permits Ka a ii pues of canal 
meson by superimposed pictures as shown i in 
Figure 4 
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= record of cable expan- 
50 0 MM AMP ; 
@ 50 oa Ps sion 


Motion recorded at the 


“sections is plotted 
against load cycle and 
« date. The scale of mo- 
tion at the top of the 
figure is in millimeters. 
The load cycles are of 
four-hour duration ex- 
cept those marked *, **, 
and ***, which are 7, 
72, and 149 hours dura- 
tion, respectively. 


w& 
° 


ft 
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Figure 7. Temperature rise of 
cable sheath 


The heavy, light, and .dashed 


lines connect points plotted 


_ DEGREES CENTIGRADE 


ends of the same section, ad- 


INCREASE OF SHEATH TEMPERATURE _ 


C C) = 
205, 247 273 3I7 


MANHOLE LOCATION NUMBERS 


that might be helpful in this understand- 
ing. We believe the following observa- 
tions warrant further consideration: 


1: The amount of longitudinal expansion 
appearing in the manholes for a given in- 
erease in cable temperature due to losses in 
the conductors was different for tests made 
at different periods of the year. 


2. The average longitudinal expansion 
appearing in the manholes per degree of 
increase in cable temperature was greater 
for the larger increases of cable temperature. 


8. The amount of longitudinal expansion — 


appearing in the manholes was only about 
one half of the theoretical free longitudinal 
expansion of either the copper conductors or 
the lead sheath (see Figure 10). 


OcToBER 1944, VoLUME 63 “4 


adjacent, respectively. For test 


a Sel 
347 379 
: conditions see Table | 


Figure 8. Cable expansion ap- 
pearing in manholes 


Figure 6. Continuous 


for temperatures measured at the 


' jacent sections, or sections not | 


12 ends of the six test . 


The following is a theoretical analysis 
of cable movement that explains these 
three observations. The theory is offered 
with the knowledge that there are insuffi- 
cient test data to support it but with the 
hope that it may stimulate further in- 
vestigation. 

Consider first an idle cable in a conduit 
line which carries no other cables. At 
the time of lowest earth temperature, the 
cable is contracted to its minimum length 
and is in a straight path along the bottom 
of the duct. As the earth temperature 
and consequently the cable temperature 
increases, the cable expands longitudi- - 
nally. The initial increase in the length of 
the cable is taken up principally by lateral 
displacement or ‘‘snaking’’ of the cable 
within the duct, since the resistance to 
this ‘‘snaking”’ is less than the resistance 
to longitudinal motion. Some longi- 
tudinal motion is present, and some of 
the increase in length appears in the 
manholes, in spite of the freedom of the 
cable to reposition itself within the duct. 

The longitudinal expansion probably is 
due to the greater thermal expansion of 
the lead sheath than of the copper con- 
ductors. This undoubtedly produces a 
longitudinal mechanical force in the 
sheath, part of which is transmitted to the 
conductors through the insulation, so that 
it acts to increase the length of the entire 
assembly. This increase in length of the 
entire assembly is readily taken up as 
lateral displacement of the cable within — 
the duct. However, some of the stress in 
the sheath must be transmitted along the 
sheath and is effective only as a force to 
increase the length of the cable into the 
manholes. The ability of the sheath to 
produce such movement is limited by the 
elastic deformation of the sheath and the 
maximum compressive force which the 
sheath can transmit longitudinally with- 
out permanent deformation. 

At the time of maximum earth temper- 
ature, which may represent a rise of as 
much as 25 degrees centigrade above 
minimum temperature, the cable is ex- 
panded sufficiently so that the resistance 
to added lateral deflection or “‘snaking’’ 
within the duct is considerably increased 
and the over-all tendency for expansion 
is into the manholes. 


The solid and dashed lines con- 
nect points plotted for adjacent 
sections and for sections which 
are not adjacent, respectively. 
For test conditions see Table | 


CABLE SECTION EXPANSION-MILLIMETERS 
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Next, assume that the cable under con- 
sideration is carrying load. The action 
of the forces produced by the temperature 
changes caused by the electrical losses 
must be analyzed in relation to the ef- 


fects of ambient temperature which were 


discussed in previous paragraphs. For 
example, if a moderate load is placed on 


' the cable at the time of lowest earth tem- 


- 
r 


ing the temperature level at which the 


cable would be in a straight line in the | 


duct. 

The theory outlined in the preceding 
paragraphs not only explains the - per- 
formances observed during the tests 
reported in this paper, but also accounts 
for a type of damage that occurs to the 
lead sheath of cables in operation. If the 


tise and associated cable ex- 
pansion appearing in manholes 


The solid lines represent ex- 


pansion. The heavy dashed 


lines represent 
rise. The light dashed lines 
connect points plotted 
sections which are not adja- 


cent. For test conditions see 


INCREASE OF SHEATH TEMPERATURE 
DEGREES CENTIGRADE 


205 
MANHOLE LOCATION NUMBERS 


145 (7i 247 273 317 


perature, the longitudinal expansion starts 


with the cable flat in the duct. Under 
_ -this condition, a large part of the in- 


crease in length is readily absorbed by 


lateral movement within the duct, and, 
fora given temperature rise, the expansion 
appearing in the manholes will be a 


minimum. However, if the same loading 


is placed on the cable at the time of 
“maximum earth temperature, the ‘in- 
crease in cable temperature is the same as" 


before, but the amount of expansion of the 


cable into the manhole is from 20 to 50 


per cent greater. The reason for this, of 
course, is that most of the lateral freedom 
of the cable within the duct was ab- 


_ sorbed by the expansion due to earth 
_ temperature increases. 


The mechanism of cable movement is 


. complicated by other variables. . For ex- 


ample, the temperature at which an un- 
loaded cable will assume a straight line 


on the bottom of the duct undoubtedly. 
. depends on previous loadings. 


cable experiences a relatively severe load 
cycle so that the space available for 
lateral displacement within the duct is 
fully occupied before the top of the cycle, 
then it would appear reasonable that the 
cable on cooling would tend to straighten 
out in the duct before withdrawing the 
cable which had expanded into the man- 
holes. This would have the effect of rais- 
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If the , 


Table | 


TABLE SECTION EXPANSION-MILLIMETERS 


37¢ 


7 
/ 


lead sheath is reasonably free to move 


with respect to the core of the cable, then — 


the forces of longitudinal expansion of 


_ the sheath are in part transmitted into 
_ that portion of the sheath in the manhole. 


These forces are maximum where the 
movement of the sheath is restrained as 
at a bend or at a solid-filled splice or at 


the location where the equal opposing . 


forces of an adjacent section appear. 


Frequently this results in the lead sheath | 


exceeding its elastic limit at one of these 
points, and a wrinkle or ripple appears in 
the sheath all around the cable. 
this ripple develops, all further expansion 
of the sheath is concentrated at that 
ripple, and failures do not appear at 
other locations on the sheath. This type 
of failure is very commonly found at the 
ends of splices, particularly on those 
installations where the cables are in- 
stalled without bends. ; 

If the lead sheath fits rather tightly on 
the core of the cable, the longitudinal 
forces developed between core and sheath 
due to excess expansion of the sheath are 
continuously transmitted to the core, and 
the action of the sheath in straightening 


the cable is reduced or possibly eliminated. — 


This suggests the desirability of in- 
vestigating experimentally the possible 
advantages of improving the mechanical 
bond between the core and the sheath of 
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the cable. It is possible t 


‘the use of sheath reinforce 


Figure 9. Sheath temperature 


temperature — 


for — 


Figure 10. Relation between | increase 


metals approximating the differential found i 
Once . } ® 


the elimination of all expansion loops in. 
_acable installation. If would, of cot nd 


properly shaped core-binder 


provide sufficient bond between the 
and the core to insure greater latera 
pansion within the duct and less ex: 
into the manhole. It may even be \ 
the realm of possibility that a car 
co-ordinated design would make possible 


"3 MANHOLES 
ahs}; 


CABLE EXPANSION IN MM PER 100 FEET 


DEGREES CENTIGRADE 


cable-sheath temperature and realized 
cable expansion ti 


characteristics of lead and copper assuming a 
temperature differential between the twe 
aloaded cable 


i. 
‘ 


be necessary to restrain the movemen: 
of such a cable into the manhole, perhaps 
by .a suitable enclosure for the cable 
within the manhole. If a cable so i 
stalled had its sheath and core mech 
cally interlocked, we believe that th 
tire expansion would be taken up as 
lateral deformation within the duct, and 
if the operating temperature increase 
became high enough:to cause the sheath 
stress to exceed the elastic limit, the 
permanent deformation would be spread 
over the entire length of cable, and there 
would not be localized portions of the 


sheath stressed to the point of failure. 
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The Summation of Load Curves 


R. F. HAMILTON 


MEMBER AIEE 


NUMBER of load curves may be 
added to determine some character- 
istics of a composite load from known 
values of the individual loads which com- 
prise it. The resulting peak load, min- 
imum load, load factor, or time of the 
peak are characteristics usually sought, 
but there may be many others. 
Operators seek to maintain high load 
factor in a power system in given areas, in 
feeders, and in equipment to obtain maxi- 
mum use of the facilities, and to this end 
loads are combined, so far as practical 
limitations will permit, for optimum re-) 
sults, which are generally measured finally 
by return on the plant investment. 
Hence the subject of aot, is linked to that 
of load curves. 
For instance, the economic justifica- 
tion for central-station generation as com- 
pared to local generation near individual 
loads, depends primarily on two facts: 


i. ce unit kilowatt-hour cost of energy 
delivered has, in general, been lessened as 
_ the amount generated has increased. 


2. Relative generating capacity, feeder 
capacity, and substation capacity required 
have decreased as additional loads have 
been added and the demand factor has 
decreased due to the effects of diversity, 
through the serving of many loads of greatly 
diverse character, resulting in improved 
load factor or use of facilities. 


The advantage for central-station gen- 

eration offered by condition 2 is pertinent 
to the subject matter of this paper. It 
may be partially neutralized by adding 
certain types of loads in excessive 
‘amounts. The principles involved will be 
recognized by engineers who are striving 
to keep their organizations competitive 
and build up their revenues at the same 
time. : 

Also, in wartime, when old economic 
controls no louger govern, the need for 
intelligent load forecasting is apparent to 
all. It is realized now that in the haste to 
arm and produce, after a prolonged period 
of comparative business stagnation, there 
was much overestimation of loads, with 
corresponding delays because of some de- 
mands for equipment not really needed. 

Forecasting under war conditions be- 
comes difficult for load characteristics and 
timing have changed. Factors based 
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upon past observations are no longer re- 
liable, Industries that formerly operated 
on a single shift may now be on a 24-hour 
day, seven-day week basis. Wartime has 
changed the characteristics of lighting 
loads, while shortages of manpower and 


_ materials have had their effect upon com- 


mercial loads. Many utility companies 
have had their peak-load periods dis- 
placed as much, as 12 hours under war 


conditions. 


It is prudent to examine trends from 
time to time, and in so doing, one is con- 
fronted with the need to determine the 
components which comprise a load or 
conversely to determine the result of 
combining loads. The purpose of this 


.e) 0.2 O04 — 0.8 1.0 


0.6 


Figure 1. Ag versus ¢ for various values of Q 


e= 9 ard pis 1.00 


paper is to consider some of the technical 
aspects of these problems and to present 


_ some methods which, it is hoped, will be 


helpful. 


The Addition of Loads Which 
Are Similar Except for Timing 


An understanding of the case in which a 
number of loads Q, of equal load-factor 
¢, are to be combined, is helpful in deter- 
mining the methods to be applied to the 
more general case for loads of various load 
factors. ; 

In a previous paper! load-curve sum- 
mation was mentioned briefly and ae 
formula presented: 


nies Fes) casa ate 


in which dg was given as the load-factor 
for the sum of Q equal loads of load-factor 
¢ each and @ was stated to be a variable 
of value two or greater. 
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A more aeHerel form of equation 1 is 
given by: 


éq= [e+(3— alo ak 


where a is the asymptote of the curve of 
1/¢g versus Q, instead of unity as is the 
asymptote given in equation 1. 

In previous applications of the formula, 
@ was taken as greater than two without 
introducing a value for a when adjusting — 
for peak concentration. This procedure 


(la) 


. is not rigorous and does not give true re- 


sults with any constant « for large range 
of values of Q and periods of peak con- 
centration because the asymptote is 
variable and greater than unity when the > 
peaks are concentrated within periods 
less than that for which ¢ has been cal- 
culated.) — 

_A preferable approach is to find the 


value of the asymptote a. With a taken 
asa constant equal to two, a then becomes 


equal to z/¢, in which g is the coincidence 
factor for Q=+ as will be seen subse-— 


_ quently. 


Further investigation has convinced — 
the author that for utility services, the : 


‘number of. hours, on the average, during 


which peaks of a given load factor occur, — 
decreases as the load factor decreases in : 
accordance with probability laws which 
can be expressed analytically. ; 
Let us examine the meaning of } itself. y 
Suppose a constant load lasts for a resionian 
of one hour and no longer. On this one- — 
hour basis the load factor is 1.00; on an 
eight-hour basis it is 0.125; and on a 
24-hour basis only 0.0417; all for the same 
load. So load factor must always be as- 
sociated ‘with the time for which it is — 
measured. Also, a time restriction in the — 
occurrence of the peaks alters Ag by — 
changing « or ¢@ as given in equation 2, — 


t 


_which, for «=2, applies to a random — 


peak-time distribution during the time 
for which @ is considered. If peaks of — 
one-hour duration should all occur during 
the same hour, they would be added arith- _ 
metically. This is one extreme condi- — 
tion. The other extreme condition would — 
occur when the peaks are evenly dis- 
tributed throughout the time considered, _ 
Since the coincidence factor Ag is the — 
ratio of the peak for Q loads to Q times the 


peak for one load (the inverse of the di- 


versity factor), we can write, taking the — 
peak for one load as unity: ; 


Qo ¢ 
Ag=—-+Q=— 
. $a © $Q : 
so that ‘ 
Ag=a¢+(1—ag)Q-”* (2) 


substituting the value of $9 given in equa- 
tion la. Values of Ag versus ¢ for various 
numbers of loads are shown on Figure 1 
with a taken equal to two and a equal to 
one. As Q becomes infinitely large Ag+ 
@. Also note that as¢+0, Ag=Q-*. 
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Refer to Figure 2. Asstume five equal 
momentary peak loads A, B, C, D, and E, 
to be concentrated and evenly distributed 
within a time . The momentary peak, 
at the time of the peak C, of the sum of 
these five loads will be the sum of the 


five ordinates F, G, C, H, and I, spaced 


equally in time on the curve FCI. J, K, 
L, M, and N, are relative instantaneous 
peak values of the sum of the five loads 
at the times corresponding to peaks A, 
B,C,D,and E. Note that L is the high- 


Figure 2. Five equal peak loads occurring 
within a time p ; 


j 7 

est of these values corresponding to the 
time of the peak C of the curve which is 
symmetrical within the time p. _ 

Now as the number of loads is increased 
above five, the momentary peak L of their 
sum will approach as a limit the integral 
of the curve FCI over the interval of time 
p. For uniform distribution with refer- 
ence to time one can therefore write for 

“equal loads: 


?/ m DS 
_Mop=O0-671 — —)j= 
q=O'p if (%)a( +) Qz 
for 0+ «, measuring time from the point 
O of Figure 2. 


(3) 


be 


tunes, 
Frl.o 


Figure 3. Reversed time-duration curve 


M, T, ¢, k, and pe given 
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This equation simply states that the 
peak value for Q= loads approaches Q 
times the average value for one sym- 
metrical load during the interval p. This 
average value we havecalledz. For non- 
uniform distribution during the time 2, 


the peak Mo, following the most probable. — 


random distribution, will exceed Qz by an 
amount equal to (1-2)Q’. This follows 
from equation 1 using 2=2 and replac- 
ing @ with gz, or 
Mg=Q2+(1—2)0"”" 
Ag=z+(1—2)Q~”? 


* Also from equation 2 it is apparent that 


a = 2/¢ if ais to be two and equation 5 


holds true. 

Suppose we now set up a hypothetical 
load synthetically, taking into considera- 
tion minimum value, maximum value, 
duration of the peak, and load factor, 


using the methods heretofore described’, 


in accordance with Figure 3: 


@ is the load factor. 

Rk is the variation factor. 

bo is the peak duration. 

T, the total time, is unity. 

M, the maximum value, is unity. 


Figure 4. p,z, and Ago versus ¢ using equa- 
tions 8 and 9 for z,; and z, 


(26 A706 Oa te 


Figure 5. Curves of 1/a versus ¢ and Ag 
versus @ for various values of Q 
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nd 


v . o a 
- Thecurve A can beexpressed as: | 


“m/atme+ BD -p)-*(F) | 


\ 
where up x 
ere Ce.) 

(¢—k)—po(1—k) 
This will represent a load-duration curv 


with abscissas reversed in sign. ‘ 
Let p be a period of time which incl 


08 


0.4 06 08 y 
fa 4 ‘ ; hes j 
z versus p for various values of 


Figure. 6. 
: ¢ according to equation 8 


i” 
q 


the period of the peak po, and (p — bo) in 


addition. By integrating this load-dura- 


tion curve over the time p and dividing 
the result by p, one obtains z, the average 
value, and hence the load factor for that 
portion of the load included within the 


time p. * ; 4 
2=k+p-(G-B-[G-H-PI-IK 
Be 28 i Pee 
eed 7 
where 7 i 
" (@—B)— poh) 


For a one-hour peak in a 24-hour cycle,- 
po= 1/24; also in utility curvesit hasbeen 


} 


Figure 7. z versus p for various oblies of & 
according to equation 9 


a 


ELECTRICAL ENGINEERING 


Round that one can use k = 


Figure 8. 


= 0), 4d usually. 
Under these conditions:. 
1 1 ee 
=] set) 00- 5 [746—5] X 
24 > 
Ee 


For momentary peaks or for weekly 


and monthly load-factors for which po be- 


comes very smali and where & approaches 


» 
zero in value, one can put po and k equal 


to 0 in equation 6 and then: 


=Fl1— 1-214} (9) 


The purpose of equations 7, 8, and 9 


will be obvious. If the peaks of a num- 
ber of loads Q, of equal load factor @, are 
restricted to a time p, which is less than 
the time for which ¢ is calculated, then 
we shall use z instead of g. If our cycle 
is one of 24 hours, then 24 will be the 


_ number of hours in which the De are 


- concentrated. 


+ 


to presume that the more energy he con- | 
- sumes the more likely is the time of his 


Probability Elements as Applied 
to Consumers’ Habits 


‘Consider the not unusual custom of . 


measuring all consumers’ maximum de- 
mands on a unit-time basis. If these de- 


_ mands in kilowatts are also compared on 


a unit basis regardless of magnitude then, 
relatively, a consumer’s load factor is a 
direct measure of his energy consumption 
throughout the day, and it seems logical 


peak-load to vary. Stated in another 
form, when a substantial number of 


customers with about the same load factor . 


have been segregated, it is found that the 
time in which the peaks occur can be cor- 


related with the load factor. Such a cor- 
‘relation may be expressed: | 
p=btce—")? : (10) 


to conform to Gauss’ normal probability 


curve. © \ 
= study of Constantine Bary’s results 


~ 
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_z versus ¢ for various values of p- 
according to equation 8 


23(5— 2p) 
14 — 6 MI (8) : 


_number of loads. 


z versus ¢ for various values of p ' 
according to equation 9 


Figure 9. 


covering large and small light and power, 
commercial and industrial consumers in 
Philadelphia, Pa., would indicate values 
for b, c, h? and ( fb)? i in equation 10 as i 
lows? (see figure 4): 


p=0.187+0.813e—4G-9)*#0-9)""9} (10a) 


Other values of these quantities will be — 


found for other special types of load and 
may be expected, it is believed, for the 
same types in other locations. 

The curve of o/z=1/a: versus @ also 
assumes the shape of a probability curve 
as can be seen in Figure 5, and may be 
expressed empirically without reference 
to p and z. However, for momentary 
peak loads and with » known, a would be 
given by, (fo and k = 0): 

=1 {1-0-2} an) 

p aN ; 
from equation 9 and likewise other values 
from equations 7 and 8 for the conditions 
therein given for pp and k. The quantity 
a is the value of the asymptote of equa- 
tion la as previously discussed. Figure 


' 5 also shows the variation of Ag with Q, 
_ for the values of 1/a on the curve. 


The Effect of Peak Time 
Concentration on the 
Coincidence Factor 


Refer to Figure 4. The curve marked 
p represents values of p as calculated from 
equation 10a and 24 is the equivalent 
hours per day in which the total number 
of peak loads may be considered as con- 
centrated. (See note following example 5 
in the Appendix.) 

The curve marked z, represents values 
of 2 calculated from equation 8 using the 
corresponding values for p just found. 

The curve marked z: represents values 
of zg calculated from equation 9 using the 


- corresponding values of p. For 21, po is 


1/24 (one-hour peak) and k=0.4@ and 
for z, po is 0 (instantaneous peak) and 
k=0, as explained previously. | 

Note that 2; and z. apply to an infinite 
By concentrating the 
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“¢ | 2 3 4 5 6 

- HOURS 1 
Figure 10. m/M versus hours of peak dis- 
placement for various values of ¢ using 
equation 12 | “= 


k = 0.4 g and ps = 9/u 


HOURS or 


Figure 11. m/M versus hours of peak dis- 
placement for various values of @ using 
equation 12 

k = Oand Do = 


time ofthe peaks in accordance with 
curve p, we have shifted the straight di- 
agonal line of Figure 1, Ag=q, for an in- 
finite number of cases, to one of the pe- 
culiarly shaped curves Ag =z of Figure 4. 
See also Figures 8 and 9. 

Now by applying equation 5 for the 
summation of 30 equal loads, we obtaim 
the two curves of Figure 4 shown for Ay. 
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Tests conducted by Constantine Bary’, 
for 30 combined loads and analyzed sub- 
sequently by H. E. Eisenmenger®, and 
others, have given results that agree 
closely with these curves, except that 
Bary’s curve for 30 combined loads ter- 

- mninates at 0 for 6=0, whereas that of the 
author terminates at 0.1825 for ¢=0, for 
~ Azo. In the case for $39, in which the 
peak is measured on a one-hour basis, 
a load factor less than 0.0675 is im- 
possible, for po has been taken at 1/24 
and k=0.4¢. - 
The value k=0.4d seems to apply 
closely enough for utility loads. It is not 


20 3QWR 


40 
CONNEGTED LOAD IN MEGAWATTS 


50 


or 12. Demand factor and load factor 
versus connected load for military establish- 
‘ments 

vi ( H pas 
critical, For example, with po=1/24, 
-$=0.5, and k taken as 0.2¢, 0.3¢, 0.4¢, 
and 0.5, respectively, the corresponding 
-values for z using equation 7-would be 
0.803, 0.792, 0.775, and 0.757, for p= 

0. 4, 


-In this case, a 60 per cent decrease in | 


em value of & from 0.5¢@ results in about 
_ Six per cent increase in the value of z. Of 
_ interest too is the fact that a given per- 
centage change in p usually causes less 
i. eae one-half this percentage change in z. 
| Adding Loads of Various Load 
Factors © 


"Equation 6, or others similar, which 
a give consideration to the load-curve 
; shape, can be used to find the value of a 


- given load at any time p from the peak.. 


Otherwise stated, if the time of a peak- 
load is known, the effect of this peak at 
any other time as added to any other peak 
_ or peaks can be estimated closely. This 


method .is specifically applicable for a. 


substantial number of peaks when their 
hour-to-hour characteristics are not read- 
ily obtainable, or where these vary and 
- average values will suffice. It is not of- 
fered for a few curves as a substitute for 
the actual load curves if these are avail- 
able. The curve for m/ WM, in equation 6, 
and others similar, is for a load duration 
-eurve with abscissas reversed. When 
used for direct-time readings of m/M, 
zero time may be taken at the midpoint 
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of the peak load (1/2 p,) and the value 
of m/M would then be given by: ~ 


ie (1-¢) 
(¢—k) — po(1 —k) 


' Note that 2 is used instead of p when 
the equation is applied in this manner. 
For Q loads occurring with a random 
distribution and having various load 
factors, the peak value of the sum of the 
loads may be found from: | 


(12) 


j : 1/2 
Mo=2(ate)+(Z20a-¥)'1) . (13) 


. 1/2 
Mg=2(Mz2) (2 [M?(1 -»1) (14) 


depending upon whether the peaks ate 
distributed throughout the cycle of 


or concentrated during p so that z be- 


1.0 


06 
0.4 
Figure 13. Demand 02 
factor and load factor 
versus number of 
electric ranges © 
= 05 


comes applicable as heretofore discussed. 
These follow from equations 2 and 4. 
The corresponding coincidence factors 


~ Ag may be obtained from equations 13 


or 14 by dividing Mg by 2M. 


The Effect of Load Ghanges on 
Coincidence Factors and System 
Peaks 


Coincidence factors have been em- 
ployed to estimate the effect of an ad- 
ditional load on an existing peak load. It 
will be seen that this method can be ap- 
plied only when the existing peak occurs 


. during a time in which the additional load 


isapttooccur. If the time of a principal 
peak load has shifted, the relations which 
determine the relative contributions to 
this peak load are certainly altered, A 
single industrial customer, in the change 
from 8-hour to 16- or 24-hour operation, 
has correspondingly increased his load 


factor and, therefore, the hours during 


which his maximum demand (which may, 
have remained constant) is likely to oc- 
cur. The effect of a substantial number 


Hamilton—Summation of Load ‘Curves 


- number of faaids one ieee i more con- 


« 


of such load changes would r 
increase a system peak, It mig 
ceivably reduce it, at least 
Failure to understand or e 
A versus } relationship and to f 
limitations in materials and m 
may in part account for many of t 
tremely high estimates which have 
made from time to time of the total 
erating capacity needed for the war effor ‘ 
The solutions which are based upon 14 
proba relationships increase in ac- 


fidence speak of the actual solution for 
some of these intangible problems. = 


Demand Factors for Composite 
‘Loads 


the load facies of the. dixitattan) st 
substantial number of such ea 


, Ls 
\ * 
I s 
i i 
| * 
s* 


parent that the demand factor will « 
crease for given types of —— as the 
nected load increases, 


load i is. Bo rae a 
vie eee OM, ti q 
Ba ZB ogg QB P 

1 


ig” — sel = Agyi 


Thus, for loads of a given load- Factor 
type $1, Wo is proportional to 1/$o, since — 
[¢11] is a constant value for that type — 
of load. M;/6, represents the kilowatt de- ‘ 
mand per kilowatt of connected load for | 
the unit load, and, therefore, [¢1,¥1] is 
the average load per kilowatt of con- — 
nected load. Ay? ; 


It has been determined that by dividine 


a given type of connected load into Q- 


hypothetical unit blocks of 10, 100, or 
1,000 kw each, useful empirical aaa” a 
may be established for the demand 
factors. 


For peanele, for military establish: 


Briscrntcay BvonienaNe 


“bp ee 
+) Ce 


nents of certain kinds ranging in mag- 
litude of connected load from 5,000 to 
10,000 kw, the demands have been found 
0 ‘fall within or near the values given by 
he above relations with p=1.0, ¢.= 
).159, and ¥,=0.935 for 1,000-kw unit 
slocks of connected load as given on 
curve A of Figure 12. Curve B of the 
same figure is for the corresponding load 
factors. ! 

Another example, for domestic electric 
ranges, is illustrated by curve A of figure 
13 which represents demand factors versus 
number of ranges for p=0.5, $,=0.05, 
z=0.10 (equation 9), and y4=0.8. 
Curve B is for the corresponding load 
factors and curve C gives values of de- 


mand factors as given in the National ~ 


Electric Code. 
Conclusion 


' The more one delves into this subject 
of load-curve analysis, the more apparent 
does it become that here is to be found 
an opportunity for research, particularly 
by utility companies, which should be 
profitable. It is hoped that in this brief 
paper, a few load-curve relations have 
been presented in a manner that will 
point to the Spa ag for further in- 
vestigations. 

To explain more fully practical ap- 
plications of some of the formulas pre- 
sented, additional figures and a few ex- 
amples are included in the Appendix. 


Appendix 
Symbols Employed in the Paper 


¢—Load factor 

A—Coincidence-factor 

p—Peak-concentration factor (or pants 
shift factor) ; 

Po—Peak-duration factor 

k—Load-variation factor 

z—Coincidence-factor for an infinite 
number of similar loads 

Q—The number of loads 
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Figure 14. Frequency 


curve for individual 
electric-range peak 
loads 


NUMBER OF PEAK LOADS 


Ag—Coincidence-factor for Q loads 
M—Maximum value of a load 
Mg—Maximum value for the sum of Q 
loads 
¥—Demand factor 
@—Connected load 


a—An empirical number, value two or — 


more 
=—Sign of summation for terms follow- 
ing 
T—Time of load cycle 
t/T—Fraction of load cycle (in time) 
m/M—Fraction of peak load (in power) 


Explanation of Additional Figures 


Figure 6 shows the z versus p relationship 
for various values of ¢ as calculated from 


equation 8, in which k=0.4¢ and py=1/24. 

Figure 7 shows the z versus » relationship 
for various values of ¢, as calculated from 
equation 9, in which k=0 and fo=0. 

Figure 8 corresponds to Figure 6 except 
that the relationship of z versus ¢ of equation 
8 is given for various values of p. 

Figure 9 corresponds to Figure 7 except 
that the relationship of z versus ¢ of equa- 
tion 9 is given for various values of p. 

Figure 10 gives values of m/M versus 


hours of peak displacement for various 


values of ¢ as calculated from equation 12 
with k=0.4¢ and p=1/24. 
Figure 11 gives values of m/M versus 


hours of peak displacement for various | 


values of ¢ as calculated from equation 12 
with k=0 and fo=0. 


Example 1 


The ten loads shown in Table I are.to be 
combined on a single circuit. What peak 
load may be expected at 6:00 p.m. and at 
9:00 p.m.? Refer to equation 12 and 
Table II. 


Example 2 


What peak load may be RN rE on a 


power feeder which is to carry the loads 
shown in Table III? Peaks are ona 15- 
minute basis. 
Take k=0.4¢ and apply equations 7 and 
14. See Table IV. 


1,020,444\'7 . 
eH. =3,755 kw 
3,755 
05,600 


(Note: average 2=0.633) 


y Table | 
Peak. 
. Kw Kw Time of Duration Kilewatt-Hours 
Number Maximum Minimum Peak, P.M. Minutes Per Day 


ie eiate aA TO DOO iene BOG ere ee 6:00 
heb Se SOW eee AOU os Sul pad oes 5:30 
heer caer ae BBOO 5 Hide OM oc Te he tt pe 8:00 
ice oie B00 stant eh: SODA Aorta 4:15 
EP meh WGGbe. «cen Rien an ek ee 7:20 
Bhi peste WOO Veikne chest Sati Mteee hein 9:00 
Pitta ea ce SODA Seki CET ca, eine 4:30 
CAR ec tee 900, 0h cc aee NB ita suker ere 3:30 
bOeMigs oh & B00, eae GOs es ces 7:30 
isda eed AG Okeke ets. Lhe ene his 20 4:45 
29,200 
he Table Il 
Number ile Pop make Do 2,6P.M. 7,9P.M. M,6P.M. M,9P.M 
ik Soke: ree OLOR eee 0.0208....... 0.0000....... 0.0250". 00S 10,000....... 2,342 
2 0. 25cee et DOR bc eat 6/0217. as, 0.0208....... 0. 145ee a ee 2,000....... 611 
Sk ale G4 Or ce: OG OLOS: ate 0.0833....... Eo ete 1,830...-.5. 2,169 
4 O.B0.c.o... ee ee 0.0035....... 0.0729....... 0.1979........ 4,204....... 2,859 
Brae’ OBNer ee. O08 oe 0.0208....... OL05866 25. 0,0604-...,4. "796, fe 739 
biwees O80. 0.2 A or 04tt x, o> 10912504 yet 2000002...» net OOO edea aerate 
OP te PO SUR soe i eae GLULOL Ce. 0.0628... 0... OCISTE cea hie bates e 1,580 
ae OL 20 fc. 02. ste 020104, @.o05..0:1040. 2s, 00.2808. 5.4. 2 ET ae 
9 OOP nod eh gs 0.0417..20... 0.0625....... 0.0625)5 20 de Sag 6. 3 344 
10.05 nie Oe ss. Odie « O.DABD. cece O.B69lados ced 0.1774 ea 410...... +8 
25,283. ....06 15,276 
kw kw 


Peak load at 6:00 p.m. 25,283 kw 
Peak load at 9:00 p.m. 15,276 kw 
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In this case po=1/96. 


Table Ill 
ie t » De eae ; 


Kilowatt-Hours 


_ Tests made on a few electric ranges of a 
given type indicate an average maximum 
demand of 8.5 kw for one range, and a 
monthly consumption of 125 kilowatt- 
hours. At 80 per cent transmission effi- 


_ ciency, what will be the increase in a utility 


company’s 7:30 p.m. peak load if the maxi- 
mum probable use of the ranges occurs at 
5:30 p.m. and 10,000 of these ranges are to 
be placed on the system? 


SOLUTION : 
The load factor for one range ¢=125 


kilowatt hour per month—range/720 hours. 


per monthX3.5 kilowatts fe range = 
0.0496. 

The peak-time- Concentration factor p= 
0.188 (from equation 10). i 


The coincidence factor for an infinite 


number of ranges (or the load factor per 


range for the time-corncentration factor. 


p) = 0.26 (from equation 9). 

The coincidence factor for 10,000 ranges 
Q is Ag=0.2674 (from equation 5). 

The demand for 10,000 ranges Q is Mg= 
AgQM;/0.8 for 80 per cent efficiency. So 
that 
Mo= (0.2674) (10, 000) (3.5)/0.8=11,699 kw, 
5:30 p.m. range peak. 

Now the load-factor for Q ranges, ¢o= 


¢ 
A =0.1865. 


The peak-time-shift factor, p;=2 hours 
per day/24 hours per day=1/12. 

The fraction of the range peak at 7:30 
p.m. is m/M=0.447 (equation 12). 


So the range load contribution at 7:30 ' 


p.m. is m/MX Mg=5,229 kw. 


Example 4 


Neglecting transmission losses, what 
peak demands per heater may be expected 
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Number Per Day Kw Peak : Hours in Which Peak May Occur — 
| ern Ar eSn DO AMiAc =o 174) URS IEE OAC BO io een PAOO AS ara tscnstoeieip ld ee 9:00 a.m. to 9:00 p.m. 
De ila a ei citens Fics atk TESOO rec tetera tecetateirs tare Big aseocuupoe, Agotoo 9:00 a.m..to 7:00 p.m 
tea Nesciels attrac ie sin Bi G40 sack elcc oat cleke leew ears GOO. ian eu ciniles ie 8:00 a.m. to 8:00 p.m 
Ae ahe ceneelaie «jee 18 Se WAS S555 State ragehale < Share DOO vavakeleretere: erehena bra oters 10:00 a.m. to 10:00 p.m 
Dike aires oat ae BiOOD ceive rvslereeiete aks) ott TROOG i,t afore cre his rereiee 4:00 p.m. to 10:00 p.m 
Gren iy re eee OD GOO ae aAsiaie 'sbcleusverarsietee ZiQOO. Sisistssseat era talnters ets 5:00 p.m. to 10:00 p,m 
inc ai Sarsts Widhs vem Boe Vee LO 4A OC ry eatita giite ateersiotele MOO ie sist ouetare aye Nonsce rays 12:00' m. to 12:00 m 
SS Rikiga oo ote eee T:OS0) AStecras coesareamisie BO cic eiaittete stators Minreta's 12:00 m. to 12:00 m 
Dae ae DOC eer U AAO scree aig ote ature cheieie ADO ie ae toiatarstele steer eas 5:00 p.m. to 11:00 p.m 
RG mee Matte ieyeus arcane HU na sonnnAdangd RUZ ptateetel avery nisl lots eieis ale 4:00 p.m. to 8:00 p.m 
4 AD-24Q) soavie syctalarersteve ots. 0. 5,600 
Table IV 
Number | o p Z Mz M2(1—z)2_ 
z Were ath etal) aeseve Ora Wichateters @, ceteris 0.500... (20.699... 60. c esac eae Ok. arrears elk 906 
Pred ei Secal aie « OA nicts wittel chevate.eie 9 GALT 5, Seoers, ete sree rane 0.665.. ZOO vote atetnioyora ens 12,800 
CLEBo Ane, ieritas OF Gia elcvsre, snatch OR SOD ateein ets crn ODZSLE |. te atarerieere BOO Move acaraleneneroiet 17,266 
ee SS Pea A Sec x (URE Las Maced soc OS5O0 | pore cic 'oreletens,crsie O.20S85 Seas anterueierere oe OG han aacarter 11,321 
Dimitar fireystei vie ath Dc. tart alas sree (ECR ano on deat oo QO Dialers taratehel ays BOD ciouetsraiels ee 166,464 
Caste, Ae ae aae OND aoe Se. ae BO ZOS MRE et cnet 0.568. cccemrebene VU26 as heise 763,876 
(EES Sa OS, ata ete: eto ae eae O00. cine e cate eis > ce O.. SOO: silat arerocote oH BGO cia aitronctaha 19,600 
5 Re Cen OS Oiatees, teereiettete tes WOOO Sete cus srereis sles O900%. aemicerpcmutete AS x shavelayeruanainge 25 
Geeta hake tera OPUS opsithons wPersiect OO: 208 Pee rates... ah OVADSiscas cre eres ici LSS). craetetetetas aes 4,700 
LO nibh le ccici « ROR UA as odeeross Oe Overt statartie cc = OBST). aiercis si siegereieios yc Oi alate lotee ieee ye 23,486 
Average 3=0.633............. BABB cies etetatate 1,020,444 
Example 3 for groups of 5, 10, 20, 170, and 500 sifigle- 


unit domestic-type water heaters of 1,500 
watts rating, considering that the maximum 
use will occur between 7:30 a.m. and 8:30 
p.m. and the average monthly consumption 
per heater is 3800 kilowatt-hours? 


SOLUTION 


The load-factor for one heater ¢=300 
kilowatt-hours per month per unit/720 
hours per month X1.5 kilowatts per unit = 
0.278. 

The peak-time-concentration factor p= 
13 hours per day/24 hours per day =0.542. 

_ The coincidence-factor for an infinite- 
number of heaters (or the load-factor per 
heater for the time-factor p) is 


/ 


a8 1—(1—p)'/¢ ' = 0.482 


Rianiple 5c 


_” For a displacement of 11/2, hours ee 


oF (jon 
ihe demand per heater is seme m1 


so Hier 


The reader is invited to compare th 
results with Figures 14 and 16 of referenc 


which were based on a a large number of te 


~ A proposed wee post for “404 
officers and men'is expected to have t 
wintertime loads shown in Table V. 

For purposes of determining the capa: 
of the service feeders and transformers, fi 
the maximum load, the average load oj 
a three-hour period, and the rms valu 
over three hours. a 

Bs 


SOLUTION oath : e 


See Table VI. The quantity p is fe 
equation 10, and 2 is from equation 9. 


eS 


 /464,679\"2 
Mg= arr +( 3 ) =3,871 kw 
M4. ‘maximum camel 
M Q is from equation bi Dag te e 4 
36,200! Wiens he 
=——"——__ = 0.357 : pe 
0 54x3,871 Rite: . a 


peak load; 3 apy : “1 


m/M = 0. 717 = ke (using equation 12 with 
k= 0. 4 and po=C 

= 0.852 aur equation 7 with k= =0.4 2 

and PS 


ze is the load’ factor over the three-hot 41 
period. So that average value over thre 
hours =3,871X0.852=3,297 kw. — 


y - 
ret | a x 
Table V ; ee it ) 
Connected Daily Use, Hours Use re 4 
Type Kilowatts Kilowatt-Hours } Maximum |! Denti 
1 = 
2. 
3. 4 
Table VI 
$ 6 z M Mz M2(1—z): 
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BATT. Sige «464,679, 


N 


a 


\ oe yet ee 


To find the rms value of load use equation 


5 of reference 1. Thus 
— ky)? ’ 
RACE =0.7945 
1—k, 1 
1—2z2 


where @ is the loss factor, so that rms value 
over the three-hour period is V/@M=3,450 
kw. : 

The peak time-concentration factor p, 
as used in the foregoing example, is an 
“equivalent time” in which the total number 
of peak loads may be considered as concen- 
trated. 


Actually, in certain types of loads, there - 


may be a frequency distribution of these 
peak loads which can be _ represented 
graphically by a frequency polygon of peak 
concentration about some given time at 
which the density of the peak concentration 
will be a maximum value or mode of the 
frequency distribution. While “not’ ‘con- 
clusive, it would seem from a limited number 
‘of cases that p may be taken as that time 
(or fraction of the total time of a cycle) 
which, if squared and multiplied by the 
total number of peak loads, will give the 
sum of the second moments about the axis of 
the mode of the frequency polygon. Ab- 
scissas in this polygon would represent times 
of the class intervals of the peak loads and 
ordinates would be .he numbers of peak 
loads falling within the various frequency 
rectangles. 
Mathematically, p= [Q-'5(p,Q,)]'/2 for 
the frequency polygon and, if the number 
of loads becomes large, p=1/+/2 4 where 
h is the modulus of the probability curve 
relating p, and Q,, thus 


Oc=Qme uees? 


and p=c, the standard deviation. 

Refer to Figure 14 which shows on curve 
A the peak-load-time distribution for 50 
fiine-kilowatt electric ranges found in a 
recent test in Philadelphia over a period of 
one week, as furnished by Constantine 
Bary. 

Curve B is the probability curve whose 
standard deviation is equal to the [0-2 
(p-Q,) }'/2 of curve A, namely 4.44 hours or, 
as a fraction of one day, p=4.44/24 =0.185. 
Compare this with the value of p in example 

3 which was-taken from equation 10. 
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“Electrically Operited. Gyan 


instruments 


H. KONET 


NONMEMBER AIEE 


HE topic “Electrically Ocented Gy- 
roscopic Instruments’’ covers a very 
wide and interesting field in which our 
work includes, for the most part, instru- 
ments and systems closely associated 
with aircraft, navigation, and control. 
Gyroscopic instruments for aircraft 
originally were air-operated because of 
the availability of pneumatic pressure 
from the simple Venturi tube. As the 
use of electricity aboard airplanes became 
prevalent, the advantages of electrical 
operation were applied to the gyroscopic 
instruments. 
The electrically driven gyroscope may 
be divided into the three commonly used 


types: sal 

1. The vertical gyroscope: 

2. The directional gyroscope. 
3. Thetate gyroscope. 


‘Since the vertical gyroscope is used for 
stabilizing the directional reference, the 
directional gyroscope may be disregarded 


in this discussion. 

Gyroscopes may be classified under the 
two phenomena associated with rotating 
bodies: 


1. Stability or the fixity of the spin axis in 
space. 

2. Precession or the reaction of the spin- 
ning body to a torque about an axis other 
than the axis of rotation. : 


Gyroscopes are characterized by the re- 
quirements of the maximum moment of 
inertia about the rotational axis and maxi- 
mum rotational velocity. The equation 
T=IQw .defines the relationship be- 
tween applied torque, moment of inertia, 
precessional velocity, and spin velocity 
in either the vertical or the rate gyro- 
scope. 
signed to provide the largest possible 


moment of inertia and is constructed, so 


that it is exterior to the stator. For most 
purposes the gyroscope is an induction 
motor designed to operate at 400 cycles 
from single- or three-phase supply, 110 or 
26 volts. Rotor speeds for the large 
gyro are 10,000 rpm and for the smaller 
units 20,000 rpm. Power consumption 
is between four and six watts. 


Vertical Gyroscopes 
In the vertical gyroscope (see Figure 1) 
the equation T=I Qw defines the rigidity 


of the gyroscope. T is an index of the 
amount of torque which the gyro can re- 
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In both types the rotor is de-. 


sist in the form of friction and disturbing 
forces. Its importance in the field of air- 
craft control has been occasioned by the 
necessity for a fixed reference, regardless 
of changes in the aircraft’s attitude. | 
High velocities, accelerations, pitch, bank, 
poor visibility, and great altitudes have 
made it imperative that fixed axes be es- 
tablished to provide reference for control, 
navigation, bombing, fire control, and so 
forth. For the purpose of establishing 
attitude, a stable vertical reference is 
required. The gyroscope possesses the 
necessary stability, but it must also be 
responsive to. the earth’s gravitational 
field, so that it may become vertical. A — 
free gyroscope established in the vertical 

soon would depart from that position be- — 
cause of stich factors as precession caused 
by friction, departure from vertical 
caused by the earth’s rotation, and de- 


' parture caused by the motion of the craft 


on the earth’s surface. To insure that the 
gyroscope remains vertical, a device called 


an erection mechanism (see Figure 2) — 


causes the gyroscope at all times to pre- 
cess into the vertical axis. The response 
of the gyroscope and its erection mecha- 
nism to the gravitational field cannot be 
separated from its response to any other 
acceleration. The problem of seeking the 
vertical, therefore, is one of separating 
gravitational acceleration from random 
accelerations and from those introduced 
by maneuvers of the craft. | Since it is 
impossible to separate them instantane- 
ously, the combination of the gyroscope 
and its erection mechanism is so designed 
that the response of the system to ac- 
celerations is very slow. Under these 
conditions the random accelerations will 
cancel out over a period of time, while 
those caused by maneuvers are responded ~ 
to so gradually, that departure from the 
vertical, even in extreme cases, is small. 
Since the gravitational acceleration is 
constant and continuous, the gyro is at 
all times corrected to the vertical during 
normal, straight, and level flight. 


Basic Gyro Vertical 

We have three gyroscopic elements 
characterized by different sizes of gyro- 
rotors. The gyro vertical (see Figure 3) 


Paper 44-151, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 29, 
1944; made available for printing May 25, 1944. 


H. Konet is in the Eclipse-Pioneer Division of 
Bendix Aviation Corporation, Teterboro, N. J. 
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consists of an induction motor in which 

the rotor comprises the gyroscopic mass 
-and is external to the stator to secure 
maximum moment of inertia. The axis 

_of rotation of the motor is normally ver- 
tical. Attached to the housing is the 

: erection mechanism. The rotor, stator, 
housing, and erection mechanism com- 
Sweptise. the gytomotor. This gyromotor 
assembly is supported on ball- bearing 

- pivots in a gimbal ring, which in turn is 

, supported on ball-bearing pivots in the 
main housing. The axes of the gimbal 
support are perpendicular to each other 

and to the rotor axis. 


zontal plane. The gyromotor is in a 
universal joint, and the gyro axis is free 
in two horizontal axes about its rotational 
axis. The basic gyro vertical therefore 
can be described as a gyroscope with 
Ee. _ three degrees of freedom provides with an 
erection mechanism. 

_ The erection mechanism (see Figure 2) 
consists essentially of a steel ball rolling 
in a circular track. A disk with a slot is 
pos above the track allowing the 


a0: by the slot. The ball on this track 


- to the rotor spin axis. A circular magnet 
attached to the gyrorotor shaft turns in- 
side a drag cup attached to cause the disk 
. i to turn. The magnetic coupling is de- 
signed so that the disk turns at approxi- 
: mately 30 rpm. 
ir 
* 


When the gyro axis is vertical the ball 


are no unbalanced forces. Displacing the 


BF ‘travels with uniform velocity, and there 
gyroscope inclines the track, causing a non- 


uniform ball velocity due to acceleration. 
ap xt escapement mechanism, built into 


INSTRUMENT TIPPED, BUT 
RETICLE IS HELD ABOVE 
LENS BY GYRO: 


eINSTRUMENT VERTICLE 


=) RETICLE 


‘4 

J 

i i 

ie: - GYRO e 
| 

7 ‘ONE LENS REPRE-_ 


SENTS THE COMPLEX 
OBJECTIVE SYSTEM fF 


Principle of vertical gyroscope 
(applied for driftmeter) 


Figure 1 i 


| A. Schematic gyroscope shown hollow to 
allow light to pass through, although it is solid 
in the instrument, and the light is reflected 
: aside by a prism 
B. Although the lens is tilted, it still directs 
the vertical ray to the center of the reticle 
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It follows that the 
‘two gimbal axes are normally in a hori- 


acts as a level and reacts to the inclina- - 
tion of the track, which is perpendicular 


the 2 disk, is Praneea to peeerate the senes 


of the erection system when the gyroscope * 


is in the vertical position and still provide 


sufficient torque for correct operation of 


the mechanism when the gyroscope is dis- 
placed from the vertical. 


The mechanism is’so designed anid bal- 


anced that the rotating mass of the ball, 
due to its variable velocity, exerts a pre- 
cessing torque upon the gyroscopic system 


at an angle of 90 degrees from the inclined 


angle of the gyroscope to the vertical. 
The chief consideration is that the vari- 
able velocity of the rolling ball creates an 
erecting torque on the gyroscope which 
persists until the track is horizontal, at 


which time the gyroscope is vertical, the — 


ball speed is uniform, and no further un- 
balanced forces exist. In all three of the 
gyro verticals power is supplied through 
the gimbal suspension by means of hair- 


-springs or insulated pivots. The selection 


of rotor and gimbal bearings is an impor- 
tant. problem, since these instruments 
must function through ‘a temperature 
range of from —54 degrees centigrade to 
+70 degrees centigrade; the available 


torque exerted on.the gyroscope is minute 


Figure 2. Vertical gyroscope showing erec- 
tion mechanism 


- t 


and any imperfection in the gimbal bear- 
ings will result in failure to attain required 
accuracy to vertical. 
Precessional Gyroscope 

; } 

The characteristics of the precessional 
gyroscope (see Figure 4) are given again 
by the equation T=JQw in which T is the 
precessional torque, J is the rotor moment 
of inertia, (2 is the angular velocity to be 
measured, and w is the angular velocity of 
spin. 
that an angular velocity imposed on a 
spinning mass will result in a torque which 
is proportional to that angular velocity. 
The precessional or rate gyromotor is 
similar in construction with the gyro 
vertical in that it consists of an induction 
motor comprising an internal stator, an 
external rotor of maximum moment of 
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It is evident from the equation — 


bs aN hay Ane 


, inertia, a motor rh usi 


iNet about ae sete a 
precessional torque about | 
axis. The torque acts ag 
priate springs, causing a displace 

proportional to Ee imposed ee u 


indicator for nicer ae rotor 4 : 
horizontal plane athwarthship, the 


Basic sonteat’ gyroscope. ce 
for gyro roll indicator) ‘i 


‘ ‘ , tim 


Figure 3. 


nn? pts 


and aft axis. The rate of 
measured is. s about a hel 


en and bis axis sagan rest 
tralizing springs. 


Pete eae Set 


a aireretin requires the spa C 
nents i nich size te ext Te sui 


- Baty, 
The problems attending t ! 


inspection, and assembly of small parts 
high precision have forced 


lt te ) iy 


“> 


ing, centrifugal casting, and forging in ex- 


treme accuracy and small size. Accuracy 


tequirements have resulted in adoption 


of production techniques capable of main- 
taining +0.0001-inch tolerances. As- 
sembly and calibration of these instru- 
ments necessitates a technique where the 
microscope and the vacuum-tube ampli- 
fier are essential parts of production and 
inspection | equipment. . Dynamic bal- 
ancing of the small high-speed rotors re- 
quired the development of a production 
balancer of novel design in which the 
rotor is operated, and the location of un- 
balance in either of two correction planes 
is marked at the location of metal to be 
removed by means of an electric arc. An 


indication of required depth to be drilled. 


is secured and the rotor balanced by 
drilling out the prescribed amount at the 
marked spot by means of. an integral 
drilling fixture on the machine. In this 
manner rotors of several ounces in weight 
are balanced to a residual unbalance not 


_ greater than 0.00001 ounce-inch. 


The assembly of these instruments must 
be done in air-conditioned rooms with ex- 
treme emphasis on constant temperature, 
freedom from moisture, dust, and con- 


tamination. Investigation of sources of 


. contamination indicate necessity for elimi- 
nating even the handling of parts with 


, 


fingers and the development of technique, 


whereby vital parts are never touched 


with the hands. The use of cleaning 
methods and cleaning materials has been 
investigated fully to the extent that spe- 
cial equipment and specially prepared 


washing solutions- have been attained 


and held to rigid specifications. The 
problem of testing, cleaning, and lubricat- 
ing ball bearings was, in itself, a project 
of considerable scope requiring the de- 
‘agus of highly specialized equip- 
ment and production techniques. 


Gyro Horizon Indicator 


This instrument may be used to fulfill 
two purposes. It serves to transmit sig- 


 nalsin pitch and bank for automatic pilot 


‘ 


® 


r 


Figure 4. Principle of precessional gyroscope 
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control, or it may serve as a visual refer- 
ence to the human pilot indicating the 
attitude of the plane. The unique feature 
of this instrument is its small size. Here- 
tofore, the artificial horizon has been of 
larger size due to difficulties of manufac- 
ture and required accuracy. With the 
development of the small gyro vertical 
we have been able to produce an instru- 
ment of standard interchangeable size 
with other aircraft panel instruments (that 
is, 31/s inches in diameter), which fulfills 
the requirements of accuracy for both 
indication and autopilot control. The 
gyroscope consists of an induction-type 
motor driven by three-phase 26-volt cur- 
rent supply. The motor draws five watts. 
The rotor of this instrument has a speed 
of 20,000 rpm. To secure the highest- 
possible moment of inertia, a centrifugally 
cast silver-alloy rotor with an integral 
squirrel cage is used. The gyromotor is 


mounted in a fork-type gimbal ring which, 


in turn, is mounted on a main pedestal in 
the rear of the instrument housing. 
Transmission of pitch and bank signals 
is accomplished by small signal genera- 
tors gn the pitch and bank axis. Con- 
ductors supplying power to the gyro- 
motor and bringing out electrical signals 
are provided in the combination of con- 
tact pins and hairsprings. Some concep- 
tion of the problems involved in the de- 
velopment of this instrument may be 
glimpsed from the fact that within the 
space of 31/s inches in diameter by 6 
inches in lengthis provided a gyro vertical 
of accuracy within 20 minutes of absolute 
vertical with freedom of +100 degrees 
in bank, 80 degrees in dive,,and 70 de- 
grees in climb, transmitting signals of 
attitude in pitch and bank. 
’ 


Driftmeter 


The gyro-stabilized driftmeter (see 


‘Figure 5) is an optical instrument de- 


signed: to provide the navigator or bom- 
bardier with a stable reference with which 
to compute drift, ground spéed, and bear- 


ings of terrestrial landmarks from the air- 


plane independently of the pitch and roll 
of the aircraft. 

The driftmeter consists of a vertical 
telescope through which the ground may 
be viewed and upon which is superim- 
posed the image of a gyroscopically sta- 
bilized reticle. The system is so designed 
that, with pitch and roll of the aircraft, 
there is no relative motion between the 
image of the ground and the reticle, and 
so an observer can see what is apparently 
a stationary image against the reticle. 
The motion of the ground due to flight 
can be referred to reference lines on the 
reticle and accurate readings of drift ob- 
tained. The telescope is provided with 
scales in azimuth and in elevation, so that 
for certain purposes accurate bearings 
may be obtained. The gyroscopic ele- 
ment of the driftmeter is the large gyro 
vertical, consisting of the rotor of 5,000 
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grams centimeters squared moment of 


inertia, a rotor speed of 10,000 rpm, 


power supply of 400 cycles, 110 volts, 


single phase, and power consumption of — 


approximately seven watts. This gyro- 
scope does not contain any signaling de- 


‘vices, and current is brought into the 
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Figure 6. Gyro roll indicator 


gyromotor through the gimbal rings by : 


means of insulated pins in hollow pivots 
concentric with gimbal bearings. The 
gyro is calibrated to an accuracy of bet- 


ter than ten minutes from true vertical. — 


Gyro Roll Indicator 


The roll indicator (see Figure 6) is an: 


example of the application of an aircraft 
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type of gyro vertical to marine use. For 
the purpose of fire control on board a me- 
dium-size vessel it was necessary to pro- 
vide an accurate indication of the ship’s 
roll with respect to true vertical. For this 
purpose the gyro used in the driftmeter 
was adopted. A special housing is pro- 
vided and a pointer attached to the gim- 
bal ring, the pointer being read against a 
scale on the stationary housing. The 
instrument is mounted with the outer 
gimbal bearing supports along the fore 
and aft axis of the ship and a reading of 


roll of the vessel is obtained within an 


accuracy of better than one-half degree 


Figure 7. Electric turn-and-bank indicator 


t 


under conditions of rough weather and 
maneuvers. 


Electric Turn-and-Bank Indicator 


_ The turn and bank indicator (see Figure 


7)is an instrument which combines the two. 


functions that indicate the rate of turn of 
an aircraft and the resultant acceleration 


which is, in general, referred to as bank. | 


‘The combination of these two indications 
results in correctly executed turns at 
proper banking angles. This instrument 
_has been developed in three basic types: 


1. Utilizing an air-driven gyroscope. 
2. A d-c-driven gyroscope. 
3. Ana-c-driven gyroscope. 


The principles and basic structure of 
the rate gyroscope have been described 
already. under the heading ‘‘Precessional 
Gyroscope.’ In the d-c-driven instru- 
ment the gyroscope consists of a small d-c 
motor on the shaft of which is mounted a 
flywheel of sufficient moment of inertia 
_ to provide the required indicating char- 
acteristics against the centralizing springs. 
The motor current is supplied to the 24- 
volt shunt motor through contact pin 
connections to the case. 

The a-c-rate gyroscope consists of -an 
induction motor of which the rotor is the 
gyro mass. The rotor is exterior to the 
stator and rotates at a speed of 20,000 
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rpm. Power supply is 26 volts, three 


phase, 400 cycles at approximately four 
watts. The instrument serves as an indi- 
cator and also as a transmitter for air- 
craft control. At one end of the pivot 
axis is located a signal generator which 
provides electrical signals as a function of 
the angular velocity of the aircraft. 


- Power supply and signal leads are in the 


form of hairsprings from gyroscope to case. 
Gyro Flux Gate* Compass System 
The Gyro Flux Gate compass system 


is a remote indicating earth-inductor 
gyro-stabilized compass. The system is 


composed of a gyro-stabilized Flux Gate 


transmitter, a master indicator, an am- 
plifier, and repeater indicators. Its ad- 
vantages are based on the fact that the 
magnetically sensitive compass element 
or Flux Gate is located in a position free 
from the magnetic and electrical disturb- 


ances ustially ‘found in the pilot’s and 


navigator’s stations, and that the Flux 
Gate is gyro stabilized and is thus main- 
tained in a horizontal position at all 
times. As a result of this stabilization, 
turning and acceleration errors, for all 
practical purposes, are eliminated. 


The Gyro Flux Gate transmitter (see 
Figure 8), with which we are concerned _ 


primarily, is a gyro vertical of the larger 
size, similar in electrical characteristics 
to the driftmeter type. Operating power 
is supplied at 110 volts, 400'cycles, 6 watts 
to the gyro induction motor. The motor 
stator is, again, inside the rotor and con- 


sists of a two-phase four-pole winding, ° 


one of the phases being in series with ca- 
pacitors mounted on the gyromotor to 
provide the necessary quadrature cur- 
rent. In the bottom of the gyromotor 


housing is mounted a magnetic detector 


sensitive to the direction of the magnetic 
field in its plane. Asa result, steady and 
accurate compass readings are obtained 
independently of pitch, bank, and maneu- 
vers of the aircraft. 


Automatic Pilot 


This system comprises a combination 
of units, the purpose of which is the con- 
trol of an airplane in attitude, direction, 
and through selected maneuvers. In the 


application of electrically driven gyro- | 


scopes to the automatic pilot, three of 
the instruments previously described are 
used. These are the artificial horizon, the 
Gyro Flux Gate transmitter, and the turn 
and bank indicator. 

The artificial horizon transmits ceca 
cal signals of the attitude of the airplane 
RR te SSA OE DURDEN 


* Registered trademarks of 


Bendix Aviation 
Corporation. 
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with respect to the vertical to 


mitter is also a two-purpose instrume 


"signal of the Gyro Flux Gate system in 


Figure 8. Gyro Flux Gate compass tran: 


anticipated. 


vices for the purpose of contr 
devices consist of amplifiers and s 
tors which actuate the control 
the airplane and maintain atti 

- The gyro-stabilized Flux Gate 


in that it serves to transmit the mag 
heading of the aircraft for the purpose 
of indication and to provide a directional 
reference through amplifier and servo. 
sysiere to the rudder-control surface. 


The turn- and-bank oe like 


of the aigeratt aadhed teeter ri a 
signals to combine with the directio 


such a manner that precise directional 
control is obtained. The rate signa’ 
used further to control the desired rate 


ans , 
at 


4 


‘mitter 


of turn and to execute precision turns 
correct banking angle. | 

To summarize, the electric gyroscope: ing 
aircraft instrumentation is rapidly s 
planting air-driven types, owing to the 
following factors: i 


1. Freedom Scola air-supply requirements 
at high altitudes. 


2. Sealing and elimination of air supply, 
thus preventing contamination and i insuring 
greater reliability. 


3. Greater versatility, especially where 
electrical signaling devices are required. 


4. Compactness, greater reliability unde 
extreme temperatures due to speed negu 


tion and torque characteristics. 4 


Since the development of electrically 
driven gyroscopés for instrumentation iS 
a relatively new art, many interesting and 
very important applications still are to be 
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.. ay CSspee Oude Rectifier in 
Electrochemical Work 


I. R. SMITH 


ASSOCIATE AIEE 


UCH has been written about the. by Figure 3, on which is shown the varia- 


copper-oxide rectifier during the 
23 years of its existence, yet the subject 
is far from exhausted. It still remains 
one of the most interesting developments 
of recent years. A brief résumé of its 
history may be of interest. 

The scene opens in 1921 when L. O. 
Grondahl discovered that a large area 
of copper coated with cuprous oxide 
would act as a rectifier. . Five years later 
the rectifier known as the Rectox was 
introduced commercially for use in trickle 
charging ‘“‘A’’ batteries in home radio 
sets. This became a tremendous busi- 
ness overnight but disappeared with the 
same disconcerting speed two years later 
with the advent of a-c tubes. Applica- 
tion of the rectifier to industrial uses 
started in 1927 and after a period neces- 
sary for trial and acceptance by users 
began to develop rapidly, reaching its 
peak during the past three years in many 
diversified war activities. 


Though this may be familiar material _ 


to many, it will be worthwhile to run 
through those characteristics which par- 
ticularly apply to the use of the rectifier 


in electrochemical work. A copper- 
oxide rectifying element is an integral unit - 


consisting of a disk or plate of high- 
purity copper, coated on one or both sides 
with red (cuprous) oxide. The combina- 
tion is shown schematically in Figure 1. 
It is an asymmetric resistor, that is, it 
passes current better in one direction 
than in the other. Current flows readily 
from oxide to copper, but with difficulty 
am copper to oxide. 

' This is best illustrated by a typical 
Roit- -ampere curve, which is simply a 
curve showing how much current flows in 
either direction for any given voltage, 
Figure 2. To illustrate, if one applies 
three volts in the low resistance direction, 
a current of nine amperes will flow 
through a 11/,-inch-diameter disk. If the 
voltage is then reversed, the current flow 
will be perhaps one milliampere, a ratio 
of 9,000 to 1. 

From the shape of the curve, one can 
see that resistance in either direction is 
net a constant. This is better shown 


Paper 44-163, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
script submitted April 14, 1944; made available 
for printing May 16, 1944. 


[. R. SmirH is section engineer, ‘Westinghouse 
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nickel surfaces. 


tion in resistance with voltage for both 
directions of polarity. 

These characteristics do not remain 
fixed but vary with temperature and also 
with time and operation. The forward 
resistance will tend to increase over a 


long period of time, the amount depend- > 


ing upon the temperature, while the back 
resistance will decrease somewhat dur- 
ing operation. These effects are known 
as aging. The effect of temperature is 
to cause both forward and back resist- 


ance to decrease as temperature in- 


creases, and vice versa. 

The construction of copper-oxide recti- 
fier units is by now familiar to many 
users, There are two general types, one 
involving a high degree of pressure on 
the rectifying element, the other requir- 


ing practically no pressure. 


The pressure-type construction is ap- 
plied’ to disk rectifiers used for relatively 
small capacities. A variety of such units 
is shown in Figure 4. The rectifying 
disks are strung on insulated bolts, with 
thin lead washers placed against the 
oxide surface. Radiating fins and metal 


spacers may be added, and the whole | 


structure then pulled together under a 
pressure of over 1,000 pounds per square 


‘inch. This gives a solid, rugged type of 


unit that has stood the test of all kinds 
of service for many years. 

The other type of construction is em- 
ployed on plate-type rectifiers. 
sectional view is shown in Figure 5. The 
rectifier plate, to begin with, has oxide 
on both sides, whereas the disk is coated 
only on one side. The plate oxide is then 
reduced to copper on its outer surface, 
and the copper is plated over with nickel. 
Contact then must be made to both 
This is done with large 
spring washers, insulated from the plate 


copper, and pulled down and riveted — 


Fhe 


CURRENT FLOW 
OXIDE | 


| 


GRAPHITE 


OR METAL OXIDE 


_ GRAPHITE OR METAL 
LEAD 


UZ * VEZZCOPPER 


Figure 1. 
: copper-oxide disk 
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A cross-_ 


Diagrammatic cross section of single 


together with a metal bushing. This 
construction thus parallels the two sides 
of the plate and furnishes the negative 

connection. The copper or positive 
connection is obtained by removing the 
oxide around a second hole through the 
plate. Figure 6 shows three sizes of 
plates with their connectors. 

Plate rectifiers are used with natural 
convection cooling, but more often with 
forced draft. The plates are assembled 
on insulated studs, about one-half inch 
apart. This is ideal for forced cooling, as 
the cooling air comes in direct contact 
with nearly all of the active surface. 

From one point of view, the method of 
determining a rectifier rating is of no 
interest to a user since he buys the rating 
he wants and expects that the manu- 
facturer will have determined the rating 
properly. However, a user who does 
know more about the unit than just what 
is stamped on the name plate, can cer- 
tainly operate with greater intelligence 
and ‘with less likelihood of getting into 
trouble. | i 

The method used is very ‘simple to 
understand but the application of it is a 
matter involving considerable time and 
work. That, however, is the designer’s 
problem.” 

Basically, the rectifier is a thermally 
rated device, like a transformer or a 
motor. Due to its internal resistance, 
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Figure 2. Typical fh ee curve for single 
copper-oxide disk Y 
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DIRECTION 


Figure 3. Typical resistance-voltage curve for 
single copper-oxide disk 
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’ NEGATIVE TERMINAL 


- losses. 


Figure 4. Group of Rectox disk-type units 


i 


SPRING-CONNECTOR 
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MOTHER-COPPEK 
POSITIVE TERMINAL 


CUPROUS OXIDE COATED 
WITH NICKEL 


METAL. 
BUSHING INSULATION 


Figure 5. Diagrammatic ‘cross section of 


_ Rectox plate - 


Figure 6, Standard copper-oxide plates with 


\ 


connectors assembled 


heat is generated by the flow of load 
current in the forward direction and of 
leakage current in the back direction. 

_ For any given rating, then, these losses 
are determined separately, either from 


- volt-ampere curves or from actual tests, 
covering a range of operating tempera- 
' tures. The separate losses are then com- 


bined into a total loss curve. In Figure 7 
the general shapes of both the forward 


- and back loss curves are shown, together 
- with the total loss curve, which tells what 


the actual loss is at that rating and at 

any temperature in the operating range. — 
These curves, of course, must be based 

on aged characteristics, not new ones. 
Having determined what the total loss 


curve is for the rating in mind, one still 


has to find out whether the type of con- 


‘struction intended to be used is satisfac- 


tory, that is, whether it has sufficient 
heat-dissipating ability to get rid of these 
To learn this, the temperature 
rise of the particular structure is deter- 
mined as a function of the watts to be 
dissipated in the structure. This gives 
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_ show what is the right combination.  °* 


TEMPERATURE — DEG C 


a heat-dissipating curve which can be _ 
matched with the total loss curve to | 


How this works is shown in Figure 8. 
The heat-dissipating curve for the unit 
is curve D, drawn with the ambient 
temperature as a starting point. Also 
shown are three total loss curves. These © 
are for the same total output. Curve A, 
however, is the total loss in a rectifier 


‘operating at high voltage and low current, 


curve B for one operating at high current ° 
and low voltage, and curve C for median 
values of voltage and current. Curve C 
corresponds to actual commercial ratings. 


“Inspection of this figure shows that the 


combination of A and D is unsatisfactory. 
The two curves do not intersect and the — 


‘rectifier would consequently burn up at 


this rating. Curve B intersects D at a 
broad angle and is obviously very safe 
since if temperature rises for any reason, 
losses will actually decrease. Curve C 
is also quite safe, crossing D ata redson- 
ably wide angle. : 

Since curves A, B, and C are for the 


same output, their relative positions indi- 


cate the relative efficiencies. Curve B, it 
can be seen, has obtained exceptional 
safety at the expense of efficiency. Curve 
C gives good efficiency and satisfactory 
safety with a margin in case of occasional 
operation at higher than rated ambient 
temperature. Curve C also gives ap- 
proximately the same losses and effi- 


LOSS — WATTS PER DISK | 
Figure 7. Relation of internal losses to unit 
temperature ; 


ciency over the entire range of tempera- 
ture, which is desirable. It follows also 
that the operating temperature, which is 
at the intersection of the loss curves and 
the heat dissipation curve D, is much > 
lower for curve C than any other rating. 
_ With this brief discussion of character- 
istics, construction, and ratings, attention 
may be turned to applications, particu- 
larly in electrochemical fields. ; 1 
Of course, the commonest of all electro- 
chemical rectifier applications is battery 
charging. Probably nothing needs to 
be said beyond the fact that copper- 
oxide rectifiers are used successfully in 
all types of battery charging, ranging 
from a single cell at a fraction of an 
ampere to a 2,500-ampere 12-volt charger. — 
Of interest is the 12-cell one-ampere oil- 
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to expand rapidly. Figure 10 i 
‘to show a fully automatic 


gives the battery its proper rate, r 


- finishing rate, and at the end of the fini 


batteries. 


Kuhn and others that pipe-line 


TEMPERATURE — DEG 


_ total-loss curves for differes t 


at up to 100 amperes, the 


‘mile. Operation, of course, is 


adjustment, Figure 12 shows one 0 
‘many thousands of such units in service. 


immersed charger shown in F 
The use of oil immersion fo: 
against corrosive atmospheres 


a 
bie. 


ie 
ah 
ar 


industrial-truck batteries. This 
will handle up to 18 cells of lead- 
battery, and up to 450 ampere 
capacity. The charger automa 


less of the state of charge. At the co 
point, the rate is reduced to the des 


charge, the rectifier shuts down and 
connects the battery. A compa 
model is available for nickel-alk; 


The next application is not so wic 
known except in the oil industry. T 
is the cathodic protection of pipe | 
It was found about 15 years ago by R. 


could be prevented if the pipe cot 
maintained cathodic, that is, negat: 
the surrounding soil. This was reas 
able, since leaks occur due to loss of m 
where the pipe is anodic, the soil being 
electrolyte. To make the pipe cathoc 
that is, to force it to be neg 
the earth at every point, a s 
direct current was connected 
the pipe and ground plates in t 
rounding earth. 'The system is 
simply in Figure 11. When such a: 


c 
@ 
S 


same unit output — 


is complete stoppage of leaks. 
quirements are for relatively sm 
city units, delivering up to say 
mounted on poles or platforms long 
pipe line at intervals of the order 


rates are sometimes qui 
be mounted in a weath 


door service. It has nc } 
requires no maintenance, and will oper: 


for long periods without any - 


M ee | ~~ 


puilt fe this type ms work for outdoor 
service. gee ii 
A kindred application i is the protection : 

of water tanks and similar structures. 
Figure 14 shows a diagram of a typical 
installation. Electrodes placed in the — 
water maintain a protective film of hy- 
drogen over the inner surface of the 
tank, preventing cofrosion and eliminat- 
ing the need for painting. The units are © 
of small capacity costing little to operate, 
and the installation as a whole is easy to 
justify economically. The requirements 
are similar to those for ans SS ae 
rectifiers. 

_ In the chemical and metallurgical field, 
electrostatic separators and Precipitrons 
are frequently used. These require a 
high-voltage source of small direct cur- 
rents. Figure 15 shows a power supply 
for’ a metal separator which delivers 
15,000 volts at a few milliamperes to the 
electrodes. The use of, a copper-oxide 
rectifier is attractive in this field because 
of the elimination of tubes and tube re- 
placements. The higher first cost of the 


Oil-immersed Rectox 
charger 
Rating one ampere, 12 cells 


Figure 9. battery 


Figure 10. Automatic charger for industrial- 
truck batteries 
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’ Figure 11. 


-copper-oxide unit is felt to be justified 


by the freedom from later maintenance 
and the cost of tubes. | 

In the field of anodizing and plating, 
rectifiers have reached great prominence 
during the war. This has resulted to 


quite an extent from the shortage in 
rotating equipment, so that many people - 
had to use rectifiers for plating and. 


anodizing who otherwise ‘probably never 
would have tried them, Now that they 


have gained familiarity with rectifier 


operation and its advantages, it is be- 
lieved rectifiers will be preferred for many 
- plating applications. 

In Figure 16 is shown a eeadacd stock 
‘rectifier for plating work, rated six volts, 
500 amperes maximum. It is fan cooled, 
takes less than 4 square feet of floor space, 


stands 38 inches high, and weighs about 


600 pounds. It is designed so that one or 
two more units can be mounted on top, 
thus economizing on floor space for larger 
capacities. These units are connected in 
parallel or series, as desired, for larger 


outputs, and are controlled from a sepa- 
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Hy f\\ 


GROUND CURRENTS 


Diagrammatic representation of 


cathodic-protection system for pipe lines 


Figure 12. Installation of pole-mounted 
Rectox for cathodic protection 
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rately mounted step-type regulator. 


The 
regulator unit then is mounted close to 
the operator, while the rectifier cubicles 
are located where they are not subject to 
corrosive fumes. The units being fan 
cooled are exposed to large amounts of . 
room air during their operation and can- 


not be used safely in a corrosive atmos- 


phere. 
The unfortunate effect of corrosive 
atmospheres on copper-oxide plates (in 


‘which in fact they are no different from 


other types of electric apparatus) led to 
the design of a totally enclosed rectifier 
which could be installed right in the 
plating room adjacent to the plating 
tanks. This type of rectifier was supplied 
for two continuous strip-tinning lines. 
The rectifiers are mounted two high and 
are right next to the plating tanks, which - os. 
are also on two levels. _ This resulted in a_ 


Figure 13. Outdoor fan-cooled plate-type a 
Rectox for cathodic protection 
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_ Figure 14. Diagrammatic representation of 


protective system for water tanks : 
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A. 15,000-volt five-milliampere 
Rectox for metal separator 


Fisive 15; 


¢ 


tremendous saving in bus copper, esti- 
mated to have been 80,000 pounds. 
Figures 17 to 19 show the construction 
of one of these rectifier units, rated to 
deliver six volts, 5,000 amperes, or 12 volts 
2,500 amperes direct current. Ventilat- 
ing air is circulated through the unit in a 
closed system by a double blower. Heat 
is removed by a water-cooled heat ex- 
changer. The rectifier power trans- 
former is located between the two six- 


volt 2,500-ampere blocks of rectifier 


‘speed of the strip through the mill. 


plates. In the top of the cubicle are three 
saturable reactors, used to control the 
output of the rectifier over a range of ten 
to one in both voltage and current. Con- 
taetors controlling the power to the recti- 


fier and to the blower motor, type AB dis- 
connecting breakers for the rectifier and’ 


for the control circuit, and temperature 
and fan-failure relays are all located at 
one end of the cubicle for accessibility. 

- An automatic control system is used 
by which the output of all the 24 rectifiers 
in one line is varied in’ proportion to the 
In 
addition, each rectifier has individual 
control so it can be varied independently 
of the others to take care of changing re- 


quirements resulting from wear of the 


particular anodes which this rectifier may 
feed. This tinning line has been in success- 
ful operation since the middle of 1943. 
The performance of one of these units is 
shown in Figure 20. Over-all efficiency 
is shown for the condition of fixed load 
resistance in part B. This is the condi- 
tion existing when the line is slowed 


- down and the rectifier output is. varied 


to match the line speed. Efficiency at 


- fixed current is shown in part D, this be- 


ing the case when the anode wears away, 
requiring a higher voltage, but the 
same current. Efficiency at constant volt- 
age is also shown in part A, although 
this is not a condition which occurs in 
the operation of the plating line. Power 
factor for the fixed resistance load is 
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Figure 16. Stock models of six-volt 500- 
ampere Rectox electroplating rectifier 


12-volt 2500-ampere totally 
enclosed Rectox electroplating rectifier 


Figure 17. 


shown in part B, the power factor being 
determined mainly by the saturable re- 
actors in the primary circuit. Other 
curves show the variation in output in 
terms of the variation in the saturating 
current of the reactor, and the variation 
in reactor voltage and transformer sec- 
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Figure 18. Totally enclosed rectifier showi 


arrangement of blowers, air duct, and control 


t 
Figure 19. Totally enclosed rectifier showing 
heat exchanger, Rectox plate assemblie a 


power transformer, and saturable reactors — 


i 


ondary voltage for the range of ae, 
voltage. Saturable-reactor control has 

the advantage of lending itself well to 
automatic operation and also of giving 
the same smooth variation in output as : 


obtained by rheostatic control of a gener- 
ator, 
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Figure 20. Performance curves of totally 
enclosed 12-volt 2,500-ampere rectifier 


The circuits used in these applications 
are few in number and simple. Gener- 
ally ‘the ones involved will be found 
among those shown in Figure 21. 
not intended to discuss these here in any 
detail. Generally the single-phase and 
three-phase bridge circuits are used for 
electrochemical applications. Occasion- 

ally the full wave and the three-phase 


double wye may be used, their purpose . . 


being to obtain points of maximum effi- 
ciency at voltages half way between the 
maximum efficiency points of the bridge. 
Thus, if the bridge circuit gives maximum 
efficiency at 6, 12, 18 volts, and so on, the 


full-wave or the double-wye circuits will 


give maximum efficiency points at 3, 6, 
9, 12, and so on. 
In electrochemical applications, in- 
volving often continuous operation or 
operation over long periods, efficiency of 
the rectifier is of prime importance. 
This is true not only for full rating but 
for voltages below full rating. It will be 
realized that many six-volt plating recti- 


fiers operate at only three or four volts. . 


In cathodic-protection work a survey 
made several years ago of some 3,000 
‘tinits in service showed that 75 per cent 
were operating at less than one-half 
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Figure 21. 
: metallic rectifiers 


their voltage rating, while only 2 per cent — 


were at or near full rating. It is peculiar 
to this application that full output may 
be required when operation begins, but 
that after a period the power-output re- 
quirements reduce greatly due to ees 
zation of the pipe line. 

Hence the efficiency is important at 
partial voltages as well as at full voltage. 


In this respect, the copper-oxide rectifier _ 


is favored becatise of its low forward re- 
sistance, resulting in less reduction in 
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efficiency for partial voltages than is the 

- case with some other types of rectifiers. 

Figure 22. shows how efficiency varies 

with voltage output, load being constant. 

Long life is also a very desirable feature 

in electrochemical work. In this respect, 

the copper-oxide rectifier is supreme in 

its field, measuring its life in years TNS, 
than in hours. 

Figure 23 is given to show how little 
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VOLTS, D-c 


EFFICIENCY — PER CENT 


actual effect aging has on performance. 
In November 1939 the first large electro- 
plating Rectox was installed in which the 
plates had the plated-nickel contact 
coating. In Figure 23 the performance of 
this rectifier when installed is shown as 
curve A, while the performance after 
41/, years of service is shown on curve B. 
Study of these two curves shows there 
has been no discernible effect due to for- 
ward aging. The slight reduction at 
light loads is due to what aging has oc- 
curred in the back direction. Full load is 
obtained’ on exactly the same trans- 
former tap now as when installed. Volt- 
age regulation consequently shows no 
apparent change over the period. Pre- 
vailing ambient temperature for this rec- 
tifier is about 25 degrees centigrade. 

This installation illustrates well the 
advantages of a plating rectifier. Here is - 
a power plant that has operated over a 
41/,-year period with the same full-load 
performance at all times, and with no 
expense to the user as yet for maintenance 
or repair of the rectifying units. 

In Figure 24 is a typical life curve of the 
disk-type Rectox units used in operating 
d-c elevator brakes and control. This 
curve was taken on a large number of 
units in the field and shows a practical 
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D-C OUTPUT—VOLTS 
Figure 22. Variation of efficiency with load 
voltage at constant load for three-phase bridge 
Rectox oe 


EFF CIENCY — PER CENT 


LOAD — PER CENT: 
Figure 23. Efficiency curves showing effect 
of 41/9 years of service on a six-volt 2 ae 
ampere plating rectifier 
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Figure 24. Field test on Rectox units supply- 
ing power for elevator control and brakes 
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_ and connecting cords. 


Fundamentals of Hearing-Aid Design | 


W. D. PENN i 


a 


yk 


ASSOCIATE AIEE 


HEARING AID is a miniature 

} sound-amplifying system which is 
worn on the person in order to help over- 
come the handicap of impaired hearing. 


_ To be effective a hearing aid must be 


capable of amplifying those frequencies 
necessary for intelligibility of speech and 
reproducing them at a _ high-intensity 
level so as to make normal conversation 
audible to the person with impaired 
hearing. Modern hearing-aid amplifiers 


ate of the vacuum-tube type, using small 


tubes designed specifically for them. A 


complete hearing aid consists of a micro-. 
' phone, a vacuum-tube amplifier, a te- 


ceiver, and the necessary battery supply 
Usually the micro- 


_ phone and amplifier unit are housed in a 


defective hearing, 
lected it is possible to estimate the per-_ 


nated value. 
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single case and the receiver and battery 


_ supply are connected to the amplifier by 


means of flexible cords. In order to de- 


termine the amount of amplification 
necessary, the type of frequency response . 


needed, and the sound-pressure output 
required, it will be necessary to consider 


in some detail the different types of par- 
tial deafness and the characteristics of 
speech and hearing. 


% The Nature and Extent of Partial 


Deafness 


Surveys of the population of the United 


States have shown that a considerable 
portion of the people have some form of 
From the data col- 


centage of the population having a hear- 
ing loss greater than any particular desig- 
Approximately four per 
cent have losses sufficient to require the 
use of a hearing aid. It is found that so- 


called normal hearing depends upon the, 
_ age of the individual. 


In general with 


Paper 44-129, recommended by the AIEE com- 


mittee on communication for presentation at the 
ATEE summer technical meeting, St. Louis, Mo., 
Manuscript submitted April 
10, 1944; made available for printing May 17, 1944. 


W. D. PENN i is vice-president and chief engineer of 
the Vacolite Company, Dallas, Tex., and assistant 
professor of electrical engineering, Southern Meth- 
odist University, Dallas. ' 


advancing age there is a decrease in acuity 
for high-frequency tones. 

Partial ‘deafness ‘may be classified as 
transmission deafness, nerve deafness, or 
central deafness. 

Transmission deafness is caused by fail- 
ure of the mechanism of the outer and 
middle ear properly to transmit acoustic 
vibrations to the hearing nerve cen- 
ters. This type of deafness may be due to 
a defective ear drum, an obstruction in 
the ear canal, failure of the small bones of 
the ear to function normally, or any one of 
a number of other reasons. 

Nerve deafness is caused by failure of 
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Figure 1. The auditory area 


the nerves of the inner ear to respond to 
acoustic stimuli after the latter have been 
transmitted to the inner ear. 


sound patterns that have been received 
properly by the hearing mechanism. 


' hearing either by air conduction 


A particular individual may suffer — 


from a combination of any of the three 
types of partial deafness. 


The Measurement of Hearing Loss 


Many methods have been devised for 


measuring the acuity of hearing. Present- 


day practice is to use an audio-frequency 
oscillator in conjunction with a tele- 
phone receiver which has been calibrated 


in terms of its acoustical sound output. i 


ne eee presstire can ba eine: fi 
. decibel steps above the reference 
' The reference level is taken as the 


required for audibility and really 


what is heard. 


frequencies 


The Auditory Area 
Central deafness is due to the failure of | 
‘the brain to interpret and co-ordinate 


‘ 


mum audible sound pressure for norn 
hearing for persons of 18 to 23 year 

age. \ 
Stk i is possible to ‘Gadenat sound vibr 
tions directly to the nerves of the inner: 
by means of a mechanical vibrator place 
in contact with the skull. Su@h a de 
is called a bone.come lett receiver 
oscillator). 
sion circumvents the outer and middle 


a cece: calibrated suicionaetee itis ee 
sible to measure that portion of the total 
hearing loss due only to defective heari ng 
nerves. The audiometer thus provi 
a means of measuring the minimum sounk 
pressure required to evoke a sensation o { 
phone receiver) or by bone cond A 
A curve showing the minimum 

sound pressure at different frequencies 
called an audiogram. ‘The audiom 
measures the minimum sound pre 


measure of what is not heard rather “{ 


In estimating an individual? $s ca 
for understanding speech from 


gram, it is necessary to take into consid- 


eration the relative effects of | diffe 
on the intelligibility 
speech.* 


different Heweot i $0 ee 
sound pressure required for au 
varies over the frequency range. 
curve showing the minimum 
sound pressure is called the thresh 
eee curve. Tf at any a: 


‘ne minimum aisdilile: presses 
limit at which a sensation of - 


stabilization of the output voltage with 
time. It is interesting to see that for the 
three-to-six-year period there seems to 
have been no change in output. These 
same units by now have an ad- 
ditional seven years of life. Records, 
however, were not kept after the six- 
year point was reached. 

Laboratory units are still running 
which were started in 1926-28, so it is 
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correct to say that there appears to be no 


limit to the life of a copper-oxide rectifier, 
Conclusion 


Mien deeuical applications character- 
istically require high operating efficiency 


at all voltages up to full rating, opera- 


tion free from maintenance, and long life. 
Some of these applications are among the 
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_ achieved great success. 


much enlarged use of the past few ears, 


oldest in which the copper-oxide rectifier 
has been used, and in which: it 
Famil iarity 
the rectifier is daily i increasing, due to the 


It is believed that this ground wi 

be lost, but that the advantages of 
copper-oxide rectifier will result in furthe 
expanding its use as these advantages 
become more ey recognized. — 


_ Evecrricar En 


Beonctant with frequency. The curve 
showing the maximum sound pressures 
is called the threshold of feeling.4 


The area enclosed by the threshold of | 


audibility and threshold of feeling curves, 
between the upper and lower limits of 
_ frequency i is known as the auditory area. 
For a sound to be heard by an indi- 
vidual it must fall within the auditory area 
of that person. Usually there will be 
some particular intensity level in the 
auditory area of the partially deafened 


able hearing. If a hearing aid is used, 


the intensity can be adjusted to the proper 
; level by means of the volume control. 


Characteristics of Speech 


The prime purpose of a hearing aid is 
to amplify speech sounds so that maxi- 
mum intelligibility results for the user of 
the aid. 


The sounds of speech are composed of 


combinations of different tones spread . 


throughout a range of frequencies from 
100 cycles per second to 8,000 cycles per 
second. The vowel sounds embrace a 
range from approximately 100 to 2,500 
eycles per second. Consonants consist 
mainly of high-frequency tones extending 
from 1,000 to 8,000 cycles per second. 
Each sound of speech is characterized by 
certain groups of frequencies and, unless 
these groups are present in the proper 
proportions, the speech will not be in- 
telligible no matter how loud it may be. 
Some frequency bands are more essen- 
tial to the understanding of speech than 
others. The low frequencies of speech 
furnish the greater part of the acoustic 
energy. The high frequencies contribute 
the greater part of the intelligibility. 
Thus eliminating all frequencies below 
500 cycles per second reduces the dis- 
tinctness by only four per cent while re- 


ducing the acoustic energy by 62 per 


cent. On the other hand, eliminating 
all frequencies above 500 cycles per second 
reduces the distinctness or intelligibility 
by 93 per cent and removes only 38 per 
cent of the energy. There is but little 
loss of intelligibility if the range from 200 
to 4,000 cycles per second is transmitted.” 
Studies of the intensities of the various 
frequencies present in normal conversa- 
tional speech show that they are dis- 
tributed throughout the auditory area 


The left hand ordinate of Figure 1 gives 
the intensity in decibels above a reference 
intensity of 10—1* watts per square centi- 
meter. The reference pressure is thus 
0.0002 dyne per square centimeter or 
0.0002 bars. The right. hand ordinate 
gives the pressure in bars. Examination 
of Figure 1 indicates that the princi- 
pal voice frequencies vary in sound pres- 
sure from a minimum of 0.006 bar to a 
_ maximum of 0.6 bar. Expressed in deci- 
bels this would correspond to a volume 
range of 40 decibels. There will be some 
> 
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person which provides the most comfort-. 


- plification. 
loss is uniform, it is advantageous in 


approximately as indicated in Figure 1.5. 


variation of volume range between indi- 
vidual speakers. For recognition of 
speech a volume range of 30 to 40 decibels 
is essential. If a hearing impairment 
causes the threshold of audibility to be 
so near the threshold of feeling that the 
auditory area does not encompass a range 
of 40 decibels, it will be impossible to 
understand speech even though it be am- 
plified sufficiently to place it above the 
threshold of hearing. 


Need for Selective Amplification — 


It has been pointed ‘out that partial 


‘loss of hearing occurs in various forms. 
No two people with the same type of par- 


tial deafness will suffer exactly the same 
hearing loss at each frequency. In gen- 


eral, those suffering from nerve deafness 


‘hear low frequencies better. They hear 
sounds but do not understand the words 


_ because the high-frequency sounds are 


essential for intelligibility. 

Unless the hearing loss is uniform 
throughout the frequency range it is nec- 
essary to utilize frequency selective am- 
Even though the hearing 


many instances to use the proper type of 
frequency selective amplification. If 
selective amplification is not used, then 
the frequencies which the individual has 
no difficulty in hearing will be amplified 
equally as well as those. with which he 
has. difficulty. The relative proportions 
of the various frequencies comprising the 
sound then will not be correct and some 
of the frequencies will become so loud as 
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to be annoying. They might reach even © 


the upper threshold of feeling before the. 


other frequencies are sufficiently loud to 
indicate the characteristics of the speech 
sounds. Examination of Figure 1 shows 
why this occurs. Ifthe areas representing 
the speech sounds are moved uniformly 
upward, the vowel sounds strike the feel- 
ing curve long before the consonants. 
Thus the vowel sounds will tend to mask 
the weaker consonant sounds which are 
essential for intelligibility if a am- 
plification is used. 

It appears then that for good intelligi- 
bility some form of frequency selective 
amplification must be used. Previous 
considerations of the characteristics of 


speech and hearing have shown that for 


intelligibility the high speech frequencies 


are necessary and that the low frequencies’ 


are not so important. From the manner 
in which the speech sounds are dis- 
tributed in the auditory area, it is also 
apparent that when the hearing loss is 
severe it is necessary to attenuate the low 
frequencies in order to be able to bring 
the high-frequency sounds above thresh- 
old and still not have the low frequencies 
strike the threshold of feeling. 
Attenuation of the low frequencies 
usually results in some increase in intelligi- 
bility even when the hearing loss is uni- 


form. This is because in average room 


x 
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Figure 4. Response characteristic of hearing- y 


noise the intensities are higher for the low - 


frequencies which thus produce a masking _ 
effect which can be lessened by reducing _ 


the intensity of these components. _ 
From the above considerations it is 


reasonable to conclude that the type of — 


selective amplification used should be 


such as to make possible attenuation of — 


the low-frequency end of the spectrum. 
The control should be of the variable type 


since each case will be somewhat different. 


Output Requirements 


The maximum sound-pressure output 
which a hearing aid must be capable of 
producing can be determined from the 
chart of the auditory area. If uniform 
amplification is used, the speech level can 
be raised until the frequencies in the re- 
gion from 500 to 1,500 cycles per second 
strike the upper threshold of 200 bars. 
The higher frequencies will then have 
pressures of from two to 20 bars. If the 


frequencies below 1,500 cycles per second 


are attenuated, it is possible to raise the 
output pressure at high frequencies with- 


TRANSACTIONS 745 


GAIN ~DB 


1652 3 45 
FREQUENCY —KILOCYCLES PER SECOND 


Blea L045. O7 ol 
Figure 5. Combined response characteristic 
of microphone and receiver 


~ out having the low frequencies strike the 
threshold of feeling. 

The auditory area as shown in Figure 1 
is the average of many normal ears. A 
particular individual will exhibit certain 
variations from the average. In trans- 
mission deafness it is probable that the 

‘threshold of feeling also is raised. The 
above figures nevertheless serve as an 

approximate guide in determining the 
output requirements. 

The maximum hearing loss which can 
be overcome at any frequency is deter- 
mined by the sound-pressure output that 
can be obtained at that frequency. Thus, 

if an individual has a uniform hearing 


loss of 60 decibels the speech sounds must ~ 


be raised in intensity so that all of them 


are above a 60-decibel intensity level... 
' Since the range between the loudest 


sound and the weakest is 40 decibels the 
loudest sounds must have a level of 60+ 
40 = 100 decibels. For the high-fre- 
quency sounds above, for example, 2,000 
cycles p per second an output level of 60 to 
80 decibels would be required, 

As a rough guide, it is seen that for the 
‘ease of a uniform loss and uniform ampli- 


fication the required output level in deci- 


bels, L, must equal the hearing loss, HL, 
in decibels plus 40. That is 


/L=HL+40 | (1) 


From’ equation 1 it would appear that 
with uniform amplification and uniform 
_ loss, the greatest hearing loss which 
could be overcome would be 80 decibels 
and in order to overcome a loss of this 
magnitude the hearing aid would have to 
be capable of supplying a pressure of 200 
bars for frequencies less than 1,500 cycles 


per second and 20 bars for frequencies. 


greater than 1,500 cycles per second. 

If, as is often the case, the hearing loss 
increases with frequency then in order 
to bring the high-frequency components 
necessary for intelligibility above the im- 
paired threshold and still not let the low 
frequencies reach the threshold of feeling, 

1t.4S necessary to attenuate the low fre- 
quencies. 

Tf the loss is greater for low heattnee 
the requirements are not so severe be- 
cause this does not reduce greatly the in- 
telligibility. Also, as mentioned pre- 
viously, the type of hearing loss character- 
izéd by decreased acuity for low tones is 
usually due to transmission deafness and 
the upper threshold is raised so that uni- 
form amplification can be employed with 
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less possibility of ‘striking the upper — 


threshold of feeling. A recent tabulation 
of audiograms indicates that only 13 per 
cent of those tested had characteristics 
which showed a loss greater for low fre- 
quencies than for high frequencies. 
Increasing loss with frequency was shown 


by 43 per cent and 44 per cent had a uni- — 


form characteristic. Ten per cent of the 


total number showed a loss greater than 


80 decibels.” 


Nonlinear Distortion 


If the relation between output sound 
pressure and input sound pressure is not 
linear, nonlinear or amplitude distortion 
occurs. Vacuum-tube amplifiers can be 
made to operate as substantially linear 
devices if certain limits of operation are 
not exceeded. However, no amplifier has 
an unlimited output capacity and so as 
the input signal is increased progressively 
a point finally is reached beyond which 
the output is not directly proportional to 
the input, Since the amplitudes are larg- 


est in the output stage, most of the dis- — 


tortion occurs there. As a result of the 
nonlinear relation between input and 


output, new frequencies are created in ~ 
fect of this extraneous noise level is 
raise the threshold of hearing. A nor 


the output which are not present in the 


original signal. Under such conditions © 


the output sound pressure is not a faithful 
replica of the input signal. The extrane- 
ous frequencies present mask the original 


sounds thus reducing the distinctness of 


the speech. The maximum usable output 
obtainable from a given amplifier is 
limited by the amount of nonlinear dis- 
tortion which can be tolerated. 
Measurements of the amplitude dis- 
tortion necessary to produce a detectable 
change in speech quality show that the 
amount of distortion which can be toler- 


.ated depends upon the band width of the 


amplifying system, the type of distortion 
(even or odd harmonics), and whether or 


not the distorted speech is compared di- 


rectly with the undistorted speech.? With 
an upper cutoff frequency of 5,000 cycles 
per second it is found that from 12 to 17 
per cent distortion can be introduced be- 


fore a noticeable change in speech quality . 
With an upper cutoff of 8,000 


occurs. 


cycles per second the permissible distor- 
tion is teduced by approximately one 


half. For complex signals such as speech, 


the per cent distortion is defined as the 
“amount of distortion produced by a pure 
tone having a peak’ value equal to the 
peak value of the complex wave. Satis- 
factory reproduction of speech will be 
obtained if the distortion is held below 
15 per cent. 


Gain Requirements 
It is necessary to distinguish between 


output and gain. To be of practical use 
an instrument must develop the required 


output pressure at the ear when the | 


source of sound is some distance away. 
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are two other factors which determine the : 


- decibels above threshold and the weakest 


‘noise level but ordinary conversation s 


louder than the background noise. 


conversational distances the 


_ phone will be 0.6 bar. 
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Figure 6. Circuit for controlling frequency 
response 


The greater the amplification the less in 
put signal the hearing aid will requir 
develop a given output pressure. At 
thought it might appear that the max 

mum obtainable gain would be limited 
only by the number of stages of amp 
cation which could be used in an ins 
ment of wearable size. In practice there 


maximum usable gain. The first of these 
is the surrounding noise level. .Numerous 
measurements have shown that the ex- 
traneous noise level in the average quiet 
residence has an intensity level of about 
thirty decibels. In commercial building: 
the noise level will be higher. The 


ear immersed in a noise level of 30 decib 
would be unable to understand con 
sational speech unless the speech in 
sity level was greater than 30 decibels. 
In normal speech (at conversational dis- 
tances) the loudest vowel sounds are 70 


consonant sounds 30 decibels above 
threshold and thus they would be heard 
in spite of a noise level of 30 decibels. A 
hearing loss of 30 decibels would have 
effect of eradicating the surroundi 


would be audible. If the source of sound 
were farther away, the desired sound 
would have a level less than the surroun 
ing noise and no amount of amplificati 
would help, since the noise and de 
sound both would be amplified. 
only solution is to have the desired 


the auditor always must move | 
enough to the source of the desired so 
to make its intensity level greater 
that of the surrounding noise level. 
speech 
sounds are located as shown in Figure 1. 
It is seen that the pressure of the loudes: } 
vowel sounds at the hearing-aid micro- 
To overcome © 
most severe case of deafness this presst 
must be raised to 200 bars. This requires 
a pressure ratio or acoustical ampli 
tion of 200/0.6=333.3 which cor 
sponds to approximately 50 decibels. Th 
other weaker sounds, assuming unifo: 
pee news will be raised by 50 decibels 
also 
If the surrounding noise level i is low 
ered, the distames between speaker "4 
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' 


“still will be above the noise level. The 
Speech intensities arriving at the micro- 
phone will be less, and correspondingly 
greater gain will be required for the same 
sound-pressure output. On the other 
hand, if the noise level is increased, the 
distance between speaker and listener 
must be decreased in order to raise the 
Speech sounds above the surrounding 
noise. The speech pressure incident 
upon the microphone now will be greater 
and less gain will be required for a given 
sound-pressure output. Thus the maxi- 
mum usable gain is determined by the 
surrounding noise level. Under average 

‘conditions of 30 decibels noise level the 
speech intensities would be as shown in 
Figure 1 and the maximum usable gain 
would be 50 decibels. In order to hear in 
any given noise level either the speaker 
must raise his voice to an intensity above 
the noise level or the distance between the 
speaker and listener must be decreased. 
In any event, for a given noise level the 
speech must have a definite sound pres- 
sure if it is to-be heard. Since the dis- 
tance between threshold and feeling is 
approximately 120 decibels, the maxi- 

_ mum usable gain in decibels is 


Maximum usable gain = 120— (noise 


_ level+40) =80—noise level (2) 


All quantities in the above expression are 
in decibels. Figure 2 is a graph of equa- 
tion 2. 


Bc ondtic Feedback 


__ It previously was stated that, in prac- 
tice, two factors limit the maximum us- 
able gain. One of these has been shown 
to be the surrounding noise level. The 

_ second limiting factor is acoustic feed- 

back. A hearing aid produces a sound- 

pressure output many times greater than 

_ the input pressure. Ifa portion of the 
output is fed back into the input in proper 
phase and magnitude, oscillation results. 
When acoustic feedback or 

- occurs, the instrument ceases to be of use 


to the user. Hearing-aid receivers are of 


the insert type. They are held in place at 


the ear by means of a plastic mold, the. 


tip of which extends into the ear canal. 
_ With an ideal ear mold all of the sound 
pressure would be delivered to the ear 


drum. In practice, due to the imperfect’ 
fit of the ear mold a certain amount of © 


© 
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: aid amplifier 
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listener can be increased and the speech 


“squealing”: 


acoustic energy may escape and find its 
way back to the microphone. If at any 
frequency the attenuation in the return 
path from receiver to microphone is less 
than the acoustical gain of the Sisermietity 
oscillation occurs. 

When individually molded ear tips are 
used a gain of 60 to 70 decibels is ordi- 
narily the maximum which can be had 
without feedback. 


Computation of Acoustical Gain 


The over-all acoustical amplification 
of a hearing aid will be affected by the 
characteristics of each of the component 
parts of the instrument. 

It is customary to specify the output 
level of a microphone in terms of its open- 
circuit output voltage in decibels above 
a reference level of one volt per bar. Fig- 
ure 3 shows the output of an uncased 
hearing-aid miicrophone of the crystal 


' type as a function of frequency. When 


the microphone is enclosed in a case the 
response is altered somewhat by the acous- 
tical properties of the case and this effect 
often can be used to advantage. The 


acoustical properties of the case are not 


included in the following analysis. Re- 
ceiver output level can be expressed in 
decibels above a zero level of one bar per 
volt. The response characteristic of a 
crystal-type hearing-aid receiver is shown 
in Figure 4. — 

The response characteristics of the mi- 
crophone and receiver may be combined 
into a single curve which then will show 
the ratio of output pressure to input 
pressure of the two units acting together. 
This ratio will be less than unity and, 


_ when expressed in decibels, is a negative 


number. The. combined. characteristic 
of the microphone of Figure 3 and re- 
ceiver of Figure 4 is shown in Figure 5. 
After the microphone and receiver 
have been selected, the electrical gain of 


‘the amplifier necessary for a specified 


acoustical gain can be determined. 

In order to develop an expression for 
the over-all acoustical gain of micro- 
phone, amplifier, and receiver the follow- 
ing definitions are necessary. 


Let 
Ky=open-circuit output of microphone in 
volts per bar 
Kp=output of receiver in bars per volt 
Kyr=KyKr=ratio of output pressure to 
input pressure of microphone and re- 
ceiver with no amplification between 
_ P,=output pressure of receiver in bars 
P,;=input pressure to microphone in bars 
VA =voltage amplification of amplifier 
unit 
G=P,/P;=over-all deur gain 
_ N,=over-all acoustical gain in decibels 


Then ] 
Po=(Pi)(Ku) (Ke) (VA) 
and 


G= Hal oad Ve ices Ales 
4 


(3) 
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* give the most satisfactory results. 


In decibels the gain is 


N4=20 logis G=20 logio (Kus 


20 logio (VA) (5) 
Letting 


Nys«=20 login. VA and Nr=20 JoB 
Kyr equation 5 becomes 


N4g= NyatNx 


(6) 
Knowing the desired over-all gain NV, and 
the combined characteristic Nx the nec- 
essary voltage amplification of the. am- 
plifier expressed in decibels is obtained 
from equation 6 as 


Na=Nya—Nx (7) 


Nx is a negative quantity so the required 
electrical gain is greater than the desired 
acoustical gain by Nx decibels. The ~ 
necessary electrical gain thus is established 
in terms of the desired acoustical gain and 
the characteristic of the microphone- 
receiver combination. For the micro- — 
phone-treceiver combination of Figure 5, 
Nx = —38 at 500 cycles per second. 
To achieve an acoustical gain of 50 deci- 
bels at 500 cycles per second would thus | 
require a decibel voltage gain, Ny4, of 83. 


Control of Frequency Response 
It has been shown that in many in- 


stances selective amplification is desirable 
in a hearing aid. There are numerous 


methods for controlling the frequency re- 


sponse of an amplifier. Most of these are 
not applicable to hearing-aid use because 
of the additional circuit components nec- 
essary. In the hearing-aid industry it is 
common practice to secure frequency 
selectivity by using a number of inter- 
changeable parts each having different 
response characteristics, or to manufac- 
ture a number of different models each 
with a different response. These methods 
have the disadvantage that a multiplicity 
of extra parts must be manufactured and 
stocked in order to meet the requirements 
of people with different types of deafness. 
A further disadvantage is that at the time 
of purchase it is often difficult to deter- 
mine which combination eventually will 
re 
might seem that the best of a number of 
available instruments could be selected 
by a listening test. Experience has 
shown, however, that methods of fitting | 
a hearing aid which comprise selecting 
one of a group of available characteristics 
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Figure 8. Acoustical gain of hearing aid 


TRANSACTIONS 747 


by listening test are not adequate. This 


is because the individual is accustomed - 


to hearing sounds as they are rendered 
through his defective hearing mechanism. 
Thus, an instrument which makes sounds 
seem similar to those he is accustomed to 
hearing usually is chosen. Asa result his 
impairment actually is exaggerated.” It 
often is found that, after the user has be- 
come accustomed to an instrument, re- 
adjustment of the frequency response re- 

suits in greater intelligibility. It is diffi- 
cult to make such adjustnients if they in- 
volve the exchange of an instrument or 
part of an instrument. 

A A novel method of controlling the fre- 


5 


_ qttency response of a hearing aid whereby - 


the low frequencies can be attenuated 
_ while the high frequencies actually are 
accentuated now will be described.¥ 
'. This method is particularly suitable 
‘when used in conjunction with receivers 
which have a capacitative internal im- 
_ pedance, such as a crystal receiver. The 
method has the ‘advantage that no in- 
_ terchangeable parts are necessary, and 
the variation in response is continuous 
throughout the range of operation. 
a The output stage of a hearing-aid am- 


by means of a transformer or by means of 
a choke in order to obtain the largest 
possible output with a given ““B” battery 
_. supply voltage. If a crystal receiver is 
used the internal capacity of the receiver 

and the inductance of the output choke 
| form a parallel circuit with a resonant 
frequency determined by the LC product 
of the chokeand receiver. The impedance 
of this parallel circuit is highest at reso- 

nance and maximum gain thus occurs at 


the resonant frequency. The frequency 


changed by varying the resonant fre- 
ap! ‘quency. The internal capacity of the re- 
ceiver is fixed so the frequency of reso- 
mance must be changed by a variation of 
inductance. This could be done by tap- 
ping the coil but the number of resonant 
_ frequencies obtainable in this manner is 
limited. 
+ Consider the circuit of Figure 6, in 
% _ which the plate load of the output-tube V 
consists of the primary of transformer T 
im parallel with a receiver of internal 
_ capacity Cp. The secondary winding of 
- Tis connected to a variable resistance Rs. 
Considering the transformer by itself, 
the complex impedance looking into the 


= 

. 

at which maximum gain occurs can be 
ie 

i 

Cod 


primary is 
(Mw)*Rs 
ee are a Pt (Law)? | 
© (Mo)*Law 
eye eat © 
=RetJLiw (9) 


In equation 8, 
'Rg=R2+R; (10) 
The apparent resistance of the primary 
is thus R,, and apparent inductance is Ly». 
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plifier usually is coupled to the receiver: 


Let 

i= 2 (a1) 
Vile | 

and 

N=Mi/M~V Li/La Hay. 

Substitute equations 11 and 12 in 8 and 


obtain 
\ 


R KAN* Rs ; 
ZyQ= ‘TT (Rg/Lw)? 
K t : 
tela 13) 
‘ | eee ak 


In terms of the coefficient of coupling, K,. 
and the turn ratio, VV, the apparent re- — 


sistance looking into the primary is 


K?N?Rg 


pete ee eat 
bas Ee 0. is. 
The apparent inductance is 
a ‘ K2 . ; ( rn } 
a ee eer ee 15 
e ay LEC Ra Lah (15) 


Equation 15 is the basis of the selective 


circuit under discussion. Ifthe secondary — 


winding of T is short- circuited Rs= Re, 
By suitable transformer design R2/Low 
can be made small compared to unity. 
Under these conditions equation 15 re- 


duces to 


Ly=Lii— K*)=Ls ~ (16) 


The quantity Lg is the leakage inductance ' 
of the transformer referred to the primary 
winding. The coefficient of coupling, K, — 


depends upon the physical arrangement 
of the two coils Z,; and Z, and upon the 
magnetic circuit on which they are wound. 
For coils wound on ferromagnetic cores, 


K can be made close to unity. Lgis then - 


a few per cent of Z). 


With the secondary of T open-circuited 7 


(R3;= ©) equation 15 becomes 


Tie eye sat Gakes of primary winding 


(17) 


From equations 16 and 17 it is seen that 


any inductance value between Jy, the 
self-inductance of the primary winding, 
and Lg, the leakage inductance, can be 
a merely by varying the resistor 

3 

In the circuit of Figure 6 the primary 
of T is shunted by Cp, so the amplifier 
stage may be tuned to different resonant 
frequencies by means of a single variable 
resistor. Because of the resistance term, 
Rs, the resomance curves are very broad. 
The highest resonant ee obtain- 
able is : 


1 ieee 
QeWVLsCe WV I= K)Cy 
The lowest resonant frequency obtainable 
is : 


f 1 
 — 
Onn TaCe 
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| { The ratio yar these two | 


hihi 


- trical response of a three-tube hearing 


should be consulted. 


Conclusion 


Sharacceunes af speech dads ‘he 


puting the acoustical amplification of 


} - 
(18) 


(19) . 


a Pe . 
frequencies *' a 
bir 

mV Lice es 


fey % 
no a KC Vi ae 


) 
} 


abtained by sale ie proneere co 
cient of coupling. The frequency r 
sponse of the amplifier then can be co n- 
trolled by varying Rs r 


Performance of a Particular 
Hearing Aid _o 


The curves of Figure 7 Ait the aa 


amplifier. The last stage of the am 
uses the method previously describ 
varying the frequency response. C 
is for R; open-circuited and curve 2 i 
R; short-circuited. Any response 
acteristic lying between the two curv 
can be obtained by varying control 
Figure 8 shows the over-all acov 
amplification of a three-tube hearing 
having the electric gain shown in Figur 
This instrument uses the microphone a and 
receiver combination of Figure 5. _C 
1 of Figure 8 is obtained with the 
quency control resistor, R3, open-circut 
Curve 2 is obtained with the con 


with ‘this ‘purtinblae instrument. oth 
curves were obtained using a 30-1 
ns cM spate ign A Ata deel 


than five ser cent distortion when us 
a 30-volt supply. 

Increasing the plate supply to 45 vo 
increases the gain by six decibels and ; 
vides approximately twice as much out-— 
put pressure. : 

For methods of measuring the 
formance of hearing aids, teferen 


which are of aati in me de 


lective amplification is benefici 
novel method of ret as 


heannel ne ieee pase 
formance obtainable. A method of c 


hearing aid is given. Response curves of 
a three-tube hearing aid using a crystal- 
type microphone and receiver are shc 

The numerous amplifier circuits w 
canbe used have not been discusse - 
These will change with time and the de- 


_ velopment of new and improved cirenai 


components, 


Future possibilities for improvement lie 
in the establishment of more ac cura 
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‘ Surface Heating by eduction : 
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Synopsis: Induction heating offers a 
method for heating of electrical conductors 
such as steel, brass, graphite, by exposing 
them to a varying magnetic field. 

The application of induction heating to 
melting, forging, surface hardening, and 
other uses is becoming increasingly common, 
resulting in a mounting interest for a 
physical concept of the heating effect 
itself. This effect has been previously 
analyzed by means of partial differential 
equations whose solutions are Bessel func- 
tions.1 It is the object of this paper to 
analyze the induction-heating effect by 
using concepts commonly applied to a-c 
engineering without involving differential 
equations. It was found that ordinary 
vector diagrams lead to quantitative expres- 
sions for the penetration of the magnetic 
field into the charge, for the distribution 
of eddy currents and generated heat, as 
well as for the impedance of the. loaded 
inductor. 

The analysis is limited to the heating of 
a body of cylindrical shape, surrounded by 
a uniform alternating magnetic field; this 
limitation is the same as commonly applied 


when partial differential equations are used’ 


for the analysis. 
Another limitation is introduced by hi 
assumption that the depth of penetration is 


"very small compared to the radius of the 


charge. This assumption greatly simplifies 
the mathematical treatment without sacri- 
fice to the physical concept. If the depth 
of penetration is five per cent of the radius 
of the charge, the expression for the gen- 


Paper 44-168, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
script submitted April 24, 1944; made available 


for printing May 12, 1944. 
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methods of fitting hearing aids to the in- 
dividual’s specific needs and in the use of 


two-channel or binaural hearing aids. 
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erated heat in the load will deviate only 3.6 
per cent from the evaluation by Bessel 
functions; for smaller depths of penetration 
the deviation approaches zero. 


HE generation of heat within the iron 

core of a power transformer is termed 
the core loss, which is one form of induc- 
tion heating. 
the core loss into hysteresis and eddy- 
current loss. The hysteresis loss is a 
characteristic property of ferromagnetic 
materials, whereas the eddy-current loss 


is an J?R loss due to current circulation 


in the material, resulting from electro- 
motive forces induced by the varying 
induction. Replacing the iron of the core 
by a nonmagnetic metal will eliminate 
the hysteresis loss, but eddy currents will 
still be induced and heat generated. 
Hence, magnetic as well as nonmagnetic 
metals respond to induction heating. 

- When. the frequency of the alternating 
magnetic flux is increased, hysteresis and 
eddy-current losses increase. The eddy- 
current loss, however, increases at a 
much greater rate than the hysteresis 
loss. At frequencies of the order of 


~ 10,000 cycles and more the eddy-current 
loss is predominant and the hysteresis 


loss is probably negligible.? 

Among fields of application for induc- 
tion heating are melting, forging, surface 
hardening, brazing, and soldering.*.4.5 
Induction heating is characterized by 
high concentration of heat per unit 
volume and close control of the trans- 
mitted heat. It is particularly suitable 
for surface hardening because the heat- 
producing eddy currents have a tendency 
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to flow next to the surface of the charge. 
If a shaft is heated to hardening tem- 
perature at its surface zone only and is 
subsequently quenched, then only the 


_ surface zone hardens while its core re- 


It is customary to divide © 


mains soft. This distribution of hard- 
ness is often desirable. It gives the shaft 
a hard wear-resistant surface, whereas 
the core remains soft and thus avoids 
brittleness attendant to hardness. 

The application of highly concentrated — 
heat for surface hardening and forging — 
shortens the heating time. This is im- 
portant not only because of the saving 
of time in itself, but also because a short — 
heat interval prevents or minimizes scale 


formation. 


Although the heat is generated i in the | 
surface layer, the entire body of a charge 
can be heated if so desired. This is done — 
simply by continued application of power, — 
the heat being conducted thermally to 
the interior. 


The Magnetic Field of the 
Air-Core Inductor 


-In order to heat a charge, it is placed 


' inside a helical coil,®:7 the inductor, the — 


latter being energized from a high- fre< 
quency generator (Figure 1). Various — 
types of high-frequency generators are — 
on the market, such as rotary motor © 
generators, electronic-tube oscillators, and 
spark- “gap oscillators.89.9 The  fre- — 
‘quencies for induction heating range from a 
60 cycles up to several megacycles. The ‘ 


generator energizes the inductor, thus 


producing an alternating magnetic flux. 


The latter induces electromotive forces 


within the charge, comparable to the 
induction of the voltage in the secondary — 
of a transformer. The electromotive — 
forces cause currents, the so-called eddy — 
currents, to flow through the charge. 
The heating effect is the result of [27R- 
losses due to the eddy currents in combi- 
nation with the electrical dp asec of 
the charge. 

It is assumed that the charge vil be > 
exposed to a uniform alternating magnetic 
field. Such a field is produced by a 
solenoid of infinite length, part of which 
is shown in Figure 2. The magnetic field 
intensity outside of the solenoid is zero; 
this is plausible, remembering that the 
return flux outside of the solenoid spreads 
over an infinitely large area, thus reducing © 
the flux density to zero. 

Positive directions were assigned to the — 
magnetic field intensity and the current. 


They are shown by arrows parallel to the 


axis of the inductor and by the head and 
tail symbols, respectively, indicating a 
right-hand system. For alternating mag- 
netic intensities and currents the arrows 
show the direction of the instantaneous 
values, provided the latter appear positive 
in. their respective vector diagrams. 

For an infinitely long inductor and 
charge, which will be assumed in all of 
the following considerations, the field 
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distribution is the same for any cross — 


section perpendicular to its axis. It is, 
therefore, permissible to analyze only a 
limited height of inductor and charge. 
The magnetic-field and eddy-current 
distribution thus obtained will be rep- 
resentative for the entire height of 
inductor and charge. The height of the 
section under consideration will be 
limited arbitrarily to one centimeter. 

The magnetic-field intensity, hence- 
forth abbreviated magnetic intensity, 
follows from (see Appendix VII for 
symbols): 


H=0.4eIn (1) 


If the current J is alternating, the 
magnetic intensity H is also alternating 


dL a68-r P ; : : 
INDUCTOR Figure 1. General 
arrangement of in- 


ductor and charge 


HIGH- 
FREQUENCY 
GENERATOR 


dsrih:3 in time phase with the current 1. 
; Equation 1 can be rewritten 


H=04rIn ; @) 


The boldface letters H and J designate 
vector quantities. The letters H and J 


signify the absolute values of the vectors. — 


The instantaneous values h and 7 are 
obtained by projecting the vectors 


Hand I, which are standing still, on ° 


the time base T (see Figure 3) which 


rotates clockwise with an angular 
velocity: 
a2af (3) 


The location of the time axis 7 for the 


time 4=0 is coinciding with vectors J | 


and H. The angle w between J and T is 
a=wt in radians (4) 


where ¢ is the time lapse from coincidence 
of T with H until T reaches the position 
shown in Figure 3. The quantities are 


Pe) eT . 
positive for —3< a<-—, they are negative 


2 
for =< wee 
3 a 9 . 


Screening Effect 


Suppose the inductor (Figure 4) is 
energized by a constant alternating 
current, an alternating field intensity 
Hp will result, which is constant over the 
whole cross section of the infinitely long 
inductor. <A thin-walled tubular metallic 
charge A is now inserted coaxially. The 
variable magnetic flux surrounded by the 
charge induces voltages and currents in 


the charge in the same manner as in the’ 


secondary of a transformer, consisting 
of one turn which is short-circuited. 
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It is convenient to assume the positive 


directions of both inductor and charge 
current in the same right-hand-system 
direction, as indicated by the symbols 
in Figure 4. 

‘Similar to the current J in the inductor, 
the curtent J, circulating circumferen- 
tially in the infinitely long charge pro- 


duces a magnetic intensity AH» which is 


constant throughout the space surrounded 


‘by the charge and which is zero for any 


point outside. The resulting field in- 
tensity at any instant can be regarded as 
a result of superposing the magnetic 


‘intensities caused by the currents in 


inductor and charge. The magnetic 
field intensity Hj, in the space surrounded 
by the charge is 


H,= W)+AM Pay (5) . 


where Hp is the magnetic intensity pro- 


duced by the inductor current alone and . 


: - $68~ 
ASSIGNED POSITIVE DIRECTIONS FOR 
MAGNETIC INTENSITY 


CURRENT spec sea 


Figure 2. Magnetic intensities of infinitely 
long empty air-core inductor 


Figure 3. Vector diagrams in general 


AH, the magnetic intensity produced — 


by the charge current alone. In analogy 
to equation 1 and for n = 1 
AH, =(0.4rl, (6) 


The induction B, in the space surrounded 


by the charge is 


Bi=nH, (7) 


and the magnetic flux , surrounded by 
the charge is 


, =Byo% =p Hats | eee ice 
#, and H; are parallel vectors. The 


electromotive force E, generated in the 
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"resistance of the current path, E, 


shown in larger scale in Figure 7 


om . hk pe a i. 
charge A by flux @, is lagging 90 degree 
behind it (Figure 5). ‘Overcoming 


the flow of current J4, which is in a 
with E,. AH is Seger to oa , 


in a ih Ah. 
An inspection of the pero dieu ' 
of Figure 5 reveals: : 


penetrates the ieieee “This eiese. pier 
is due to the circulation of eddy currents i 
the charge is often called screening effect. 


2. The currents in the charge cause a time 
lag between the magnetic intensities, re- 
sulting in a lag of the flux 4, surrounded 
by the charge, with respect to the fue Dy 
eueee of the charge. 
Solid Cylindrical Charge 
GENERAL CONSIDERATIONS , 
A solid charge can be considered made 
up by a large number of thin-wallec 
tubular sleeves which are telescoped into 
each other; the eddy-current heating of a. 
solid ‘charge will be approached by con- 
sidering the current distribution in the 
individual thin-walled sleeves, reducing 
the thickness of the latter toward zero. _ 
Judging from the case of a single thin- 
walled sleeve, one is led to expect that the 
magnetic intensity Ho will be reduced a 
certain percentage while penetrating the 


sleeve Sr: (Figure 6) and that it will 


emerge from sleeve Sr as the intensity 
H,; it can also be expected that the 
emerging field intensity H; will lag be- 
hind the entering intensity Hy. The 
vectors of the magnetic intensities are 


thident A . 


ELECTRICAL meee 


angle 01P between, AH) and H, (Figure ; 


ws however, cannot be expected to 
Temain 90 degrees as in the case of 
Figure 5, because the current J; flowing 
in sleeve S; is no longer determined by 
the electromagnetic action of sleeve St 
only, but also by the electromagnetic 
action of all the other sleeves Su, Sin... 

. inside of Sr. The current J; in St is 
a function of the total flux surrounded 
by Si, which in turn is a function of the 
different currents in all the sleeves. All 
that can be expected is that the magnetic 
intensity Ho, by penetrating sleeve St of 
the thickness Ar, will emerge as the in- 


tensity Hi, lagging Aa behind MH, and — 


being reduced in magnitude by a definite 
percentage of its entering value. The 
magnetic intensity H; then enters sleeve 
Snu.- If the wall thickness is the same 
for S; and Su, it can be assumed that 
the emerging magnetic intensity H, will 
lag by the same angle Aa behind MH; as 
H, was lagging behind HM) in sleevé St. 
The ratio of reduction of H, to H2 can 
be assumed to be equal to Ho to A. 
These assumptions are justified by leading 


to interdependent systems of magnetic | 


intensities and fluxes, electromotive 
forces, and currents, which fulfill all 
physical requirements. 


VECTOR DIAGRAM OF MAGNETIC 
INTENSITIES 


A vector diagram embodying the fore- 
going pssumnptions is shown i in Figure 7. 
Let 


Hi, / Ho = H2/ Hy = Fy, /Hm-1=4 


=constant (9) 
fOP1L=1P2=2P3=..... = te =constant 


It follows that the triangles ‘POl, P12; 
P23,..... are similar’ (two homologous 


sides and one included angle Aa): These | 


geometric relations are pete y 
expressed by 


Hy, = Hye- (m&a) cot B 


a in radians 


as shown in Appendix I. 
angle of H,, with meepeeh to Ho is a, then 


a=m Aa. (1 1) 
and 
Hm =H * 8 sw in radians (12) 


indicating a logarithmic spiral as locus 
for the magnetic intensity. 
Vector DraGRAM OF MAGNETIC FLUXES 


The flux ®; contained within the body 
pi sleeve .S; is 


@; =B; area—y Hi [(ar/2)(a— Ar/2)r] (13a) 


likewise 


y=. rf ar /0( 02 


Subscripts Land M refer to the quantities 
existing in the middle of the body of the 
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(10). 
If the phase 


pase arr | (13m) — 


first and mth sleeve, respectively, whereas 
subscripts 1 and m refer to. the quantities 
at the lateral inner surface of the first 
and mth sleeve, respectively. 

It can be seen from Figure 7 that the 
magnetic intensities and thus the induc- 
tions decline very rapidly as the magnetic 
field penetrates into the charge. The 


variation of the areas over which the- 


fluxes are spread can be neglected if the 
magnetic intensity rapidly decreases as 


it penetrates the charge. Thus 

&1 = Ay Ar2ax (14a) 
$11= Airy Ar2ar | (14b) 
tu= HyuAr2ar (14m) 


Adding the fluxes Pr, fn, Pro onaee 
vectorially (by using equations 14a, 14b, 
and 14m in combination with Figure 7), 
the vector sum follows a logarithmic 
spiral which is similar to the locus for 
the magnetic intensity as proved in 
Appendix IT, 
is shown in Figure 8. 

The total magnetic flux ® inside of the 
charge is the vector sum of all individual 
fluxes @;, Py, Pur..... For a sleeve of 
infinitesimal thickness the angle Aa=0 


and the phase angle between total flux . 


® inside the entire charge and the mag- 
netic intensity Ho between inductor and 
charge is 


8=45 degrees 


Since. inductor current J and HM are in 
phase, the angle between J and ® is 
also 45 degrees (Figure 9). 


P Ea 


Figure 5. Vector diagram for inductor with 
tubular charge of small wall thickness 

ry Figure 6. Inductor 

containing a cylin- 

uM drical, solid charge 
“ar 


4iha-b 


Ree Ame Am | 


AXIS OF CHARGE 
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The spiral for the fluxes 


(21) 


‘ductive power as well. 


PoweER Factor OF CHARGE 


The total flux ® induces a voltage E 
in the inductor which is 90 degrees lagging 
behind © and 45 additional degrees 
behind the inductor current J. Voltage 
E consists of two components Ep and 
Ex of equal magnitude. E, is in counter- 


_phase with J and reflects the watt power 


consumed by the charge. Ey is lagging 
90 degrees behind the current and in- 
dicates that the charge consumes in- | 


Figure 7. Vector 
diagram of magnetic 
intensities 


Figure 8. Vector. 
diagram of magnetic 
fluxes 


Due to the 
equality in ‘magnitude of Ep and Ey, 
the load consumes as much watt power 
as wattless inductive power. Therefore, 


‘Power factor of charge=cos 45 degrees 


= 0.707 inductive (22) 


PENETRATION OF THE MAGNETIC FIELD 


The total magnetic flux © within the 
boundaries of the charge is evaluated in 


Appendix ITI: 
6=B,(2ar)p (30) 


where Bo is the induction in the space 
between inductor and charge. If the 


TRANSACTIONS 751 


induction By would penetrate into the 


‘charge to a depth of p centimeters, with-" 


out being attenuated, the magnitude of 
the flux thus obtained would be equal to 
the magnitude of the actual flux ®. For 
this reason the factor p is often called 
eqitivalent depth of the magnetic-field 
penetration, or shortly penetration. It 
follows from Appendix III: 


2uf 


The graph shown in BE igure 10 serves for. 
quick determination of the penetration p. 


(31) 


Suppose the penetration should be found 


) Figure 9. 


centimeter. 


for soft iron (resistivity p=10~5 ohm- 


‘centimeter, permeability w=1,000) at 


a frequency of one kilocycle. Inter- 
section of the frequency and resistivity 


Vector 

diagram regarding 

current and voltage 
of inductor 


ae 


co-ordinates occurs at point A, From 
A one follows the oblique line until it 
intersects with the permeability system 


at point B. Projecting point B on the 


penetration axis gives the penetration, 
which in this case is slightly over 107? 
The magnetic intensity H, 
at a distance d centimeters from the 
surface is 
fen 
Hy=Hye ?v2 (35) 
‘and the phase angle ag between Hy and 
veh) . 


ad ag=d/(pr/2) in madisns (36) 


 .Fre.p PROPAGATION INSIDE THE CHARGE 


_ charge. 


Returning to the vector diagram of 


Figure 7, the various vectors Ho, Mi, 


H, represent the magnetic intensities at 
definite distances from the surface of the 
These distances d follow from 
equation 36. In the vector diagram of 
Figure 7 the angle Aw was made 15 
degrees, which is identical with 7/12 
radians. The distance at which vector 
H, represents the magnetic intensity can 
be obtained from equation 36: 


d= agp/2 = (n/12)pv/2 


. « { 
in centimeters 
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Conversely, the. “i lsinale and are 


of the magnetic field for any given dis- 


‘tance d from the surface can be obtained, 
by computing aq.from equation 36, and 
subtending ag from Ho to pia the | 


logarithmic spiral. 
Using the vector diagram of Figure 7, 


a graph of the instantaneous distribution 


of magnetic intensities can be plotted 
(Figure 11). The plane of the graph 
can be considered as a partial lateral 
section through the cylindrical charge. 


The graph is limited on the left-hand 


side by the surface contour of the charge. 
The axis of the charge is parallel to the 
contour off to the right. The abscissa 


axis can be viewed as one radius of the 


charge. In order to generalize the graph, 
relative values d/ (pv/2) and fee were 


as 4166-10 
< PENETRATION ~ CM 
Nae} 2 19-3 
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$ 
g 


a), 


low 10YN q 


Sey 


Sa0 

| x IAA 
5 ot (AVA 
ie ln ivaivaivaivaivaival 
OHM-CM 


Figure 10, Graph for quick determination: 


of the penetration p 


chosen as scales for the axes. The dis- 
tance d is also marked for multiples of 
the penetration p. 


The instantaneous values h of the. a) 


magnetic intensities are obtained by 


projecting the vectors H (which are 


standing still) on a common time axis T. 


, The time axis rotates clockwise and makes | 


one revolution during each cycle of the 
high-frequency current (equation 3). 


For t=0, the time axis coincides with — 
i Ah. 


oo After one eighth of a cycle the time 
axis includes an angle of 45 degrees with 


vector Hj and the instantaneous values — 


h at this time instant are obtained by 
projecting all vectors H on the time axis, 
now 45 degrees behind Hp. Curve A 
was thus obtained (Figure 11). The 
Temaining curves B, C,-and D, were 
obtained in the same manner, the time 


interval being always one eighth of a z 


cycle. Each curve has crest points and 
zero points. Observing these points 
from curve to curve, it looks as though 
these points, and the parts of the curves 
in between, travel from the surface of the 


charge toward the interior, as time goes — 
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layer follows from Appendix IV. 


‘on the flux with which the current fil 


“magnetic intensities, respectively (e 


_ eddy currents and hence the genera 


98.5 per cent of the total generated | 


on. lt bijoa also as peel: 
to sem, he field distribution il 
the charge as the result of an 
magnetic wave entering the charg 
its surface and Dena: attenuated a 
proceeds. 


Density or Eppy CURRENTS 
The current density Ko in the surfac 


Ky=In/p amperes per square centim 


In general, the current antes dep 


ment is interlinked and the resistance 
the path; the latter is assumed cc 
stant; Hence the current densities 
be expressed by the same expone 
function as the interlinking fluxes and t 


tions 12 and 21). The current density 
K, at the distance d from the surface — 
Maer seit d i. 


Ky=Kye *X2=(In/p)e ?v2 ue (3 a 


iz he generation of heat per unit volume | 
at any depth d is: 


: _av2 ; 
ee 2 p= \/(In/p)*e- p watts per — ” 
cubic centimeter = 
‘ . — _av3 . 
Plotting the function € 2 in Figure 


discloses the rapid reduction of — 
generation with increasing distance from 
the surface. The concentration of 


of heat next to the surface of the ch 
is called skin effect. The heat gener 
in a zone reaching to a depth of 3 


a hes 
eo) ae 
| go% Sf 
O.8L 
O7 


_ Figure 11. Instantaneous dis- 
tribution of | ‘magnetic-field in- 
tensities inside the charge 
for four different dine; instants 

i ent mt al 
, : 
| Bueereicat ENGINEERING 


: ae | 
, 


Since the penetration p sans on the 


frequency of the inductor current (equa- 
tion 31) one can vary the thickness of 


the heated zone by controlling the fre- 


quency. The case thickness can be 


reduced by. increasing the frequency, 


conversely lowering the frequency will 
increase the depth of the heated zone as 
it is desirable in forging and melting 
applications. 


PowER TRANSFER AND IMPEDANCE OF 
Loapep INDUCTOR 


The power P delivered to the charge 


per centimeter axial oe is shown in 
Appendix V. 


P=45a (Ion)? V ufo 10° 10-9 watts per 
centimeter axial length of charge (38) 


All other conditions remaining the 
“same, increasing the frequency increases 
the rate of heating. A material with 
greater resistivity will generate, more 
heat, provided the depth of penetration 
is much smaller than the radius of the 
charge (see synopsis). Moreover, a 
material with a positive temperature- 
resistivity coefficient, will generate heat 
in increasing measure as it warms up. 

Due to permeability, ferromagnetic 
materials will heat more rapidly than 
monferrous materials of the same re- 
sistivity. However, when the critical 
temperature is reached ferromagnetism 


disappears and the permeability drops to . 


unity. Thus, the heating of ferromagrietic 
materials is greatly reduced -when the 
critical temperature is obtained. 

As previously pointed out, the charge 
consumes watt power and a numerically 
equal amount of wattless inductive power. 
The inductor presents itself with a certain 
impedance, which is called the referred 
impedance Z, of the load (charge); 
addition the inductor will have a self- 
impedance Z, consisting of the high- 
frequency impedance of its own winding 
and a reactance due to the magnetic 
field in the interspace between inductor 
and charge. 

The above considerations lead to 5 the 
expression for the referred resistance 
R, of the load, as shown in Appendix VI. 


R,=4ranvV/, pef 10° 10~* ohms per 
centimeter axial length of charge (39) 


4165-12 


p 2p 3p DISTANCE FROM SURFACE 


Figure 12. Relative heat generation as a 
function of the distance d ‘from the surface 
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AXIS OF CHARGE 


’ 


’ Since watt and wattless power are 


numerically equal, the referred reactance © 


|Xa|=Ra 
and the referred impedance 
Za=RatjXa= Ra(l +9) 


The high-frequency resistance R, ay 
the inductor can be approximated by 
using equation 39. For a water-cooled 
copper inductor the resistance R, is 
according to Appendix VI: 


Rp=1.8 6-Vf n*(c,/c2) 10-8 ohms per 
centimeter axial length of charge (40) 


The losses in the inductor increase. 


with its radius 6. In order to obtain 
high efficieney of power transfer, the 
radius of the inductor should not be larger 
than fiecessary. Hence, the clearance 
between inductor and charge should be 
kept to a minimum. 

Since watt and wattless power are 
mumerically equal, the referred reactance 
of the inductor due to the field within the 
boundaries of the conductors is: 
|Xz|=Re ade 
Hence the impedance 

=R,+jX,=R, (1+) 

The reactance Xp due to the magnetic 


field in the interspace between inductor 
and charge is shown in Appendix VI. 


Xo=8r'f (b?—a?)n? 10-9 ohms per 
' centimeter axial length of charge (41) 


The total impedance Z of the loaded 
inductor is therefore: 


Z=(RatRy) +j(RatRyt+Xo) ohms per 
centimeter axial length of charge (42) 


Appendix | 

| The ratio of two consecutive magnetic 
intensities from equation 10 is 
ye mt aa Hye" cot B i 
Hy Hye "40 cot 8 
Therefore: 
Hy Amv =€ Tt OR = (10a) 
which is constant for positive, integral m. 
q=Hh/Hy=(sin 8)/sin(8+ Aa) 

_ sin (8+ Aa) —sin B 


sin (8+ Aa) 
; erie 2 cos(B+ Aa/2) sin( Aa/2) 
sin(8+ Aa) 
For sleeves of infinitesimal wall thickness 
ae Aa/2= Aa/2 (10b) 
and : 
B+ Aa/2=6+Aa=8 (10c) 
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Ay 


hetice 
g=1+Aacot B - (10d) 
The same result is obtained my Using 
equations 10 and 10a: 


e~ Aa cot B—1— Aa cot B for Aa cot BX1 
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“Vector Ol representing $, (Figure 8) 
is parallel to Hy of Figure 7 and determined 
by equation 14a. Vector 12 is parallel to 
and determined by rican 14b. 
Hence 


r 
f 


(15) 
A connects mhiboue F of 01 (Figure 7) 


du /= Hn / Hh 


to P; Hy; was obtained likewise. Triangles — 


OPF and 1PG are similar (two homologous 
sides and one included angle 8) and hence: 


An /Hi =i /Ao ~ (16) 
From Seanond 9) 15,"and 16s * 
= @ Ay /M = $i, /Hy= 1g (17) : 


Point Q (Figure 8) was obtained by sub- : 
tending the angle 6 from ®;r and ,; 


_ (Figure 8). 


y =180°— Aa—B 
£100= 180— reas = 180— —B8—180+ Aa+ ~ 
B= Ad® (18), 


Aanetas 010, 120, O1P, and 12P ate 
similar. If another similar triangle 230 
is based on 2Q, it can be shown in the same — 
manner that 23 represents vector ®yy;;. 


_ The sum of the first three individual fluxes 


1, Si;, Pry, is G3. The remaining indi- 
vidual fluxes and their sum can be deter- 
mined by a repetition of the same procedure. | 
The triangles become progressively smaller 
and finally degenerate in point Q. Line 
OQ therefore represents the vector sum of 
all fluxes, and is denoted @. It is the total - 
magnetic flux within the boundaries of the 
charge. Due to the similarity of all 
triangles involved, curve 01234. ..P (Figure — 
7) is similar to 01234...Q (Figure 8). 

The electromotive force E; induced in 
sleeve S; is due to the action of all the 
fluxes @y;, Pyyyz....- , surrounded by sleeve 
St. The vector sum of these fluxes is 10 
(Figure 8). Ey is lagging 90 degrees behind - 
10. Angle 6, between E; and 9% is 


:=B8+ Aa+90° (19) 
Angle 5) between AHy and Hy, (Figure 7) 
can be expressed 


52=180°—B— Aa/2. (20) 


AH) is in phase with Ky (equation 6) and 
H; is in phase with @;, equation 14a, so 
that 5. is also the angle between @; and J. 
Remembering that J; and E; are in phase, 
angle 6) is the angle between 4; and E; as_ 
well. This angle has been previously de- 
noted with 6,. Therefore from equations 


19 and 20: 

5, =52 

B+ Aa+90° =180—B— Aa/2 
B=45°—3 Aa/4 
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; For infinitesimal thickness of the sleeve, 
Aa disappears and 


B=45 degrees (21) 


t 


Appendix Ill 


The electromotive force Ep in the surface - 


zone of the charge is a function of the total 
flux ®: 


~ 


: de ‘ 
=—— 10-3 
Sk a 


hence the crest value ‘ 


Ey =22f10-* (23) 
_ The current Jp in the Buintats layer 
— Ip =Eo/Ro (24) 


where Ro is the resistance of the surface 
layer per centimeter axial length of the 


é charge 
~ 2am ; 
R= ——__— (25 

ad Ar-1 em” G6) 

From equations 23, 24, and 25, 

| Ieazape0 = =ATE gi0-8 (26) 

2am, ap. @ p , 
' " AHy=0-4nly=4x(f/p)(Ar/a)®10-* (27) 


. Because of the similarity of triangles 0P1 
p> , (Figure 7) and 0Q1 (Figure 8) 


—O/X =Fy/ AH 


‘For infinitesimal sleeve thickness Hy=H1, 
moreover, substituting for H; from equation 
14a and for AH») from equation 27, one 
obtains from equation 28 


nD ” Gy /wAr2ar Be il p10° 
1 4x(f/p)(Ar/a)b10~° iN ca 


(29) 


(28) 


‘Substituting for 1 from equation 14a and 
for B I Sse? 


7 


o= Bar & ao )=Boonp (30) 
: 2uf re 
’ where 
== eo (31) 


_ Figure 8 reveals that ; 

_ &;/6=(sin Ae)/sin (8+ Aa) 

_ Considering equations 10b, 10c, and 21, 
/d= Aav/2 
which combined with equation 29, AOS 


es ed Aar/2= Ar/p (32) 


The magnetic field by penetrating sleeve - 


by sleeve accumulates for each sleeve thick- 

ness Ar a phase displacement of Aa. 

Penetrating #2 sleeves 
_ d=mar (33) 
The phase angle o follows from equation 11 


a=mAa 
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Ko= 


Using equations 11 and 33 in equation 32, 


Ar/Aa=d/a ia pvV/2 (34) 


Substituting equation 34 in equations 


12 and 21 and using the subscript d instead 
of m, indicating the magnetic intensity at 
the distance d from the surface, — 


a 
Hg=He ?¥? (35) 
and the phase angle ag between ies and Ho 


from equation 34 


in radians (36) 


d 
aq= = 
4” pv/2 
_ Appendix IV 
The current density Ky in the surface 
layer 
Ko=Ih/cross section of path 


Using equation 26 and substituting for 


© from equations 30 and 7, 


(f/p)(Ar/a)pHo2arp 10-8 © 
Ar: lem 


2uf 


= == 0 Ag eee 1072) > 


Substituting from equation 31 for p, 


Ky=H(10/4x)/p = et bee 
=In/p } (37 


| Appendix V ; 


Assigning the same radius a to the various ~ 
sleeves of infinitesimal thickness (which is 
_ permissible / 


without undue 
p<a/20), the total heat W: 


error for 


W =2an ip wad (d) =(In/p)*pxaX 
=0-- > Ms 
in @ ap 
ae e ? d(d) 
ad=0 


W= (In/p)*on(—ap/v/2) (> a) 


For p<a/20 e230 


W= (In/p)*enap/s/3 = mr ta(Tanthty. 
V ufp 109 10-9 


(38) 


Appendix vis > AR 


The referred resistance Te follows from 
equation 38; 


Tett?Rq = 420 (Iesn)?-~V fp 10° 10-9 
Ra=4x%an?V/ fp 10° 10-9 ohms (39), 


For a copper inductor, using a rectangu- 
lar water-cooled conductor, w=1; the re- 
sistivity of the inductor at a temperature 
of 60 degrees centigrade p=2.04 10-6 ohm- 


centimeter, using these values in equation 
39: 


Ry= 1.80 n*~/f ‘(c,/¢2) 1076 


(40) 
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. @—winding pitch of the sacdeieet ‘went 


_ h—magnetic intensity, instantaneous value, 


N. Ww. M’Lachlan, 


The flux ®p in ‘the fatebenuee ts Sie i 


= 0.4rTn (ta?) OS 


= _<e nl10*=—0. ArnQt—a!)n S <= i 


E=8n'n?f(b2—a?)I 10-® volts 
=E/I=81'n*f(b*—a")10-* ohms 


bela ge Vil. Definitions. of 
ymbols _ 


a—tadius of the charge, centimeters eae 
B—induction, peak value of sno ; 
Sees 4 


he enetere 


meters e 
co—height of the conductor, contineters ie 
d—distance of a point inside of charge to 

surface, centimeters i 
E—electromotive force, 

sinusoid, volts 
e—electromotive force, instamtancous value, ae 

volts ) = 
f—frequency of inductor current, cycles Pet 
second 
H—magnetic intensity, Sone value of sinu- — 
_ soid, oersteds 


peak value ° ; 


oersteds ¢ + 
I—current, peak value of nee amperes “4 
I¢;—current, rms value, amperes ; 
i—current, instantaneous vale bids 
ji-vV=1 
ones density, peak value of sinusoid, 
amperes per square centimeter 
n—number of turns of inductor pee cen 
meter axial length 
P—power, average value, watts 
p—penetration, centimeters 
Ar—thickness of sleeve, centimeters } 
R—teferred resistance of chateer ohms - 
per centimeter axial length ; 
Ry—high-frequency resistance of inductor, 
ohms per centimeter axial lent of in- 
ductor ' ; 
¢—time, seconds 
w—generated heat, average value, watts, 
per cubic centimeter { 
X 9—reactance of inductor due to the mag- . 
netic field in the interspace between 
_ inductor and charge, ohms per centimeter : 
axial length of inductor 
Z—total - impedance ‘of loaded inductor, 4 
ohms per centimeter axial length of in- 
ductor and charge . 
a, 8, 7, 5—angles, in degrees or radians, as _ 
noted. 
€—base of natural joc 2 TAstes 
u—permeability, unity 
aw—3.14159 ; 
&—magnetic flux, peak value of sinusoid, 
maxwells 
g—magnetic flux, 
maxwells 
p—tesistivity, ohm-centimeters _ 
w—angular velocity, radians per second 


instantaneous — Dsataed : 
pestis & 
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HE general definition of induction 


heating is the use of eddy currents to 
raise the temperature of a conducting 
mass. Thus induction heating is an 
application of the theory of the eddy- 
current phenomenon. 


This paper deals with the relation of 


frequency and kilovolt-ampere capacity 
as the basis for the selection of the fre- 
quency for a given heating service. '’ 
Charges. The body (or bodies col- 
lectively) to be heated is termed the 
charge. Charges in induction-heating 
practice are of three types, namely: 


1, Charges of nonmagnetic material. 


2. Charges of magnetic material. Maxi- 
‘mum temperature below the critical tem- 
perature. 


3. Charges of magnetic material. Maxi- 


muim temperature above the critical tem- 


perature. 


The Sold Cylindrical Charge. The 
shape of the charge is taken into account 


in analyses of the heating effect of eddy | 


currents. However, the shape of the 


charge is not a factor in the principle in- - 


volved. Hence a simple shape, the solid 
cylinder, is selected as the basis of this 
discussion. . 
The Transformer. The most effec- 
tive arrangement of parts for induction 
heating is the charge inside a coil. An 
assembly of this type, less supports, for 
heating a charge to a temperature below 
the melting point of the material is shown 
in Figure 1. 
This assembly is a form of transformer 
-with these peculiar features: 
(a). A closed secondary circuit formed in 
the charge. c 
(b). An open magnetic circuit. In some 


eases iron is added to the portion of the 
path of the magnetic flux that is outside of 


the charge. _ However, the general case is 
expressed by the term “‘coreless induction 
heating.” _ 
(c). The air gap between the primary and 
secondary circuits. 
ae . 

Circuit Equations. \ The equations of 

the circuits of the transformers previously 


noted are given in the appendix. 


Basic Equations. The relation of the 
factors in the eddy-current phenomenon 
is given in the three equations which 
follow. 


Reference dimension, 


V0? 


p=——— = centimeters (1) 
mW 2 tif ; : 
3,560 | 
_3,560°V'p centimeters (la). 
Vf 
Index ratio, A=— 


p=the radial dimension of the annular zone 
of the charge indicated in Figure 2 


SINGLE-LAYER COPPER-TUBE 
PRIMARY COIL 


METAL TO- BE 


HEATED 


Figure 1. A typical assembly, less supports, 
' for heating solids 
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(2) 


/ 


p=the resistivity, ohm-centimeters’, of the 
material of the charge 

=the permeability of the material of the 
charge 

f=frequency 

a=the radius of the charge, centimeters 


Rate of Heat Development. The rate 
at which heat is developed by eddy cur- 
rents in a solid cylindrical charge is ex- 


pressed by the equation: 
Pata ( 4 (H?) V uf V 080" x 
: 4/2 ; a 


[F,]X10~7 (3) 


Pont = watts per cubic centimeter 
H =the intensity of the alternating mag- 
netic flux at the peripheral surface of — 
_ the charge 
LF 1=[°= Aber’ A-+-bei A bei’ A 
at ber? A+bei? A | 


Values of [F,] for a range of values of 
the index ratio are given in Figure 3. : 
Resistivity. The resistivities of metals 


have positive temperature coefficients, 


This characteristic is illustrated by 
Figure 4 for iron and carbon steel in 
the solid state. There is a marked 
increase of resistivity at the melting 
points of metals. The resistivities of 
steels in the molten state are within the 
range 150 to 200 microhm-centimeters — 
cube: The value in each case depends on 
the analysis of the steel and its tempera- 
ture: : x= 
The value of p to insert in equations 1, 


"s 2, and 3 is the value that corresponds to 


the maximum temperature of the charge. 
Permeability. Values of wu are based — 


_ on uniform distribution of magnetic flux. 


A feature of induction heating is non- 
uniformity of flux distribution. This 
and the fact that with alternating current* 
the permeability changes during every 
cycle make uncertain the effective value 
of mw to insert in equations 1, 2, and 3 for 
type-2 charges. Generally it is assumed 
that the effective value of w is some frac- 
tion of the saturation value. In any case 
the value of uw for calculations must be 
either estimated or determined by meas- 
urements. 

The effect of the magnetic property in 
the batch heating of type-3 charges is an 
initial boosting of the rate of heat de- 
velopment. This effect lasts until the 
outer layer of the charge reaches the 
critical temperature. Important as this 
effect may be, it is not necessary to con- 
sider it in circuit calculations. Thus the 
value u4=1.0 is used in equations 1 and” 


3. It is stated in a later paragraph that 


Paper 44-166, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
script submitted April 17, 1944; made available 
for printing May 17, 1944. 


N. R. STANSEL is in the industrial engineering de- 
partment of General Electric Company, Schenec- 
tady, N. Y. “ 
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’ 


the boosting effect previously noted may 

be given qualitative consideration with 

reference to the selection of frequency. 
With the continuous-heating method 


for type-3 charges the effect of permea- . 
bility on the rate of heat development is — 


continuous but less in degree than in the 
batch heating of this type of charge. As 
with type-2 charges, the effective value of 
B must be estimated. or obtained by 


/ measurement. 


Operating Index Ratio. The valve 


of the index ratio which corresponds to 


aan 


* a tal be 
ates tal 
os “\a 


the values of specific resistance and 
permeability noted in the preceding para- 
graphs, to the given dimension a and to 
the selected frequency is termed the 
operating index ratio. 

Current Values. Consider a charge 
of nonmagnetic material, and assume that 
the temperature of the charge is uniform 
throughout its mass. 
the value of the current in a core of the 


_ charge with radial thickness « measured 


from the vertical axis is ae by the 


equation: . 
erg BS a fey? 
b (2) 45 (2) 
er \p e1 p 


ber’? A+bei’?-A 


amperes 


(4) 


4,=total current in the charge 


a=radius of charge, centimeters 


Volume Vig The volume of the 


annular zone of the charge which is | 


defined by the radial dimension p (the 


reference dimension), see Figure 2, per 


- unit length is 


Ore Cl ae ee 5S a a 
Va= i |2- rs a age centimeters (5) 
Heat Development in Volume Vp. 


The value of the radial dimension x in 
equation 4 with reference to volume V, is 


x=(a—p) (6) 
Hence, in equation 4, 

nd Pet ad 

H2(-3) 
and 

x f[a—p\- ‘ 
ee ecco et A = |] 

p ( p ye ) (8) 


Figure 2. Relationship of the a, b, and p 
dimensions 
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For that condition — 


nie 


INDEX RATIO 


Figure 3. Values of the resistance function 
[F,] for solid cylindrical charges 


MICROHMS PER CM? 


4 YT] tl PREECE 
0 csaetaafaet | 
QO 200 400 600 800 1000 1200 I400 

TEMPERATURE — DEGC 
392 752 Ill2 l472 1832 2192 2552 


“TEMPERATURE — DEGF 


Figure 4. Reshtivity-tempelatare relations 


of iron and one percent carbon steel ~ 


If we substitute these values in equation 


fT 
4(a—p) n~io(1-4)x 


ber’*(A—1)+bei2(A—1)]'/2 
ee , (4a) 
ber’? A+bei’? A ; 


For convenience write: 


4(q—p) = lq (4b) 
The value of the Gunn ent in he annular 

zone V, is 

dy = (ig— 84g) =ig(1—g) amperes (9) 
The rate of heat development by eddy 

currents in volume V, is thus. 


Ip*fp =19°%q — (Sta) "hq watts 


=%q°ra(1—g?) watts (10a) 


fp =the resistance of the path of the current 
in annular zone V, 

1q =the resistance of me path of the current 
in a core of the charge for any value of x 
up to and including x=a 


The quantity (1—g?) in equation 10a 


is the fraction of the total heat develop- 
ment that is developed in volume V,. 
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Figure 5. The fraction of the total heat d e~ 
velopment that is developed in volume V, 


SECONDARY RESISTANCE 


values of the index ratio are given 
Figure 5. 


charge ete a heat srt is et iner 


electrical problem is the selection of fre 


“tO 


0. 


(-9?) 


INDEX RATIO ~ 


Irs 
5 
> 
< 
Po EE: 
| 2+ ee Pe 
< 
08 ESET oo 
2 3 og 
wee aye ‘ “aa 
Fistve 6. Resistance characterise of b 


4 secondary circuit 


Vales of this frapiion for a range of 


The graph of Figure 5 ie only 


Aci tite nae in ers mass of 


dae cfiwesttah occurs in renters io 

The Electrical Problem. | The factors. 
mand p and the dimension a in the pre- 
ceding equations are given values for each © 
application of induction heating. The 


quency and the corresponding choice « i 


the relation between volts and amperes, 
ot ne 


waa 
(a). The required rate of: heat develop- 
ment. ry 
(0). The desired ‘ecnceremaion of heat. 


represented by the graph of Figure 5. 


This problem can be eee 
the problem of minimizing the edd: 
current loss in the magnetic structur 
electrical’ machines. Here with Ee 
and constant values of frequency, perm 
bility, and resistivity, the factor of s¢ 
tion is the dimension faa for Ee 


core af a feaheteetae 
pte pees dee 


of the Se ia eisai ie ee i 
former of Figure 1 the resistance cha ac- 
teristic of that circuit, aces 6, is 0 

tained, 
Electrical Efficiency. — ; 
losses of indukting Hr Hh are “the i 
; iy lf. on i by 


Buea ENGINEER NG 
< k- 
fc Re 


ee 


in the primary coil, see Figure 1, and 
some stray field loss. If iron is included 
in the outer portion of the magnetic cir- 
cuit, the consequent core loss is added to 
the previously noted losses. 

' When the stray field loss and the core 
loss, if any, are neglected, the efficiency of 
the transformation is 

Ya Ya { 
| eee (11) 


¥, =the resistance of the secondary circuit 
Y, =the resistance of the primary circuit 


The resistance of the primary circuit, 
equation 23, is proportional to the square 
root of the frequency. The resistance of 
the secondary circuit, equation 26 is pro- 

‘portional to the product [ Vf [F](V)]. 
If we consider frequency as a variable and 
start with a low value of the index ratio, 
the value of 7, increases faster than that 


of ry and the efficiency of the transforma- | 


tion increase. This continues until with 
increasing frequency the product - [[F;]- 
(Y)] becomes constant, see Figures 3 and 
16. Thereafter, the efficiency is unaffected 
by increase of frequency. This char- 
acteristic is shown by curve A of Figure 7. 

The one function of frequency in induc- 
tion heating is to increase the resistance 
of the secondary circuit to obtain high 
efficiency of transformation. As. the 
increase of efficiency by increase of fre- 


quency ends after a certain value of fre- 


quency is reached, there is no object in a 
higher frequency unless it may give a 
more desirable relation of volts and am- 
peres or offer some economic advantage. 

Power Factor. The power factor 
measured at the terminals of the primary 
coil of the transformer of Figure | is 


i 


R 
cos g=— (12) 


A 
_R=the total resistance, equation 28 
Z=the corresponding impedance, equation 
30 ; 


The power-factor characteristic corre- 
sponding to the efficiency characteristic of 
Figure 7 is shown by curve B, Figure 7. 

Base Frequency. The characteristic 
of Figure 6 and the characteristics, A and 
B of Figure 7 indicate that the frequency 
for a given assembly should be a value 
that gives an operating index ratio not 
less than 2.50. Hence, the frequency 
which corresponds to the index-ratio 


value 2.50 is designated as the base fre- — 


quency of an assembly for induction 
heating. - 

The equation for the base frequency is 
obtained by substituting A=2.50 in 
equation 2, thus: 


79.0X10°X 
i (13) 
a 
Example 1. a=3 centimeters, p= 


114X105 ohm-cubic centimeters, w= 1.0. 
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Es LP 
4g=%,| —— | amperes 


-79X114 


B =1,000 cycles | 
Base 
Values of multiples of the base frequency 
and the corresponding values of the index. 
ratio are given in Figure 8. _ 
Example 2. 


fz=1,000 
fo=4,000 
Ao= +/4X2.50=5.0 


The graphs of Figure 9 show the base 
frequencies, A=2.50, and the frequencies 
which correspond to A=3.50 for a range 
of diameters of carbon steel at around 
1,200 degrees centigrade. 

Frequency and Current. The watts 
developed in a charge with the base fre- 

‘quency are 
Pein an | (14) 
and with some other frequency, fo, 
Po=137 gg 


(15) 


For the same rate of heat development 
in each case, that is, P2=P ,, the value of 
the current with frequency f» is 


Tar Ate) 


The symbol r, with appropriate added 
subscript denotes the resistance of the 


circuit in the charge, equation 26 of the 


appendix. 
A graph of Equation 16 with reference 
to the index ratio is shown in Figure 10. 
Frequency and Voltage. The voltage 
measured at the terminals of the primary 
coil with a given watts input to the charge 
with the base frequency is 


€g=tpZp Volts 


(7) 


PER CEN” 


DLs ar 4 8 Oe Fe ea! 39° 10. tyes ie” 
INDEX RATIO 
Figure 7 


Efticiency-frequency characteristic, curve A 
Power-factor—frequency characteristic, curve B 
Curve C, the product of curves A and B 
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Frequency and Index Ratio. 


10,000,000 


and with some other frequency, fe, 


€2=12Z2 Volts (18) 


For the same rate of heat development 
in the charge in each case, that is, P,= Pp, 
as before the voltage with frequency fo, is 


_ (19) 


The symbol Z with appropriate sub- 
script denotes the impedance of the cir- 
cuit, equation 30 of the appendix. 

Frequency and  Kilovolt-Amperes. 
The product of equations 16 and 19 di- 
vided by 1,000 gives the relation, 


kva,=kva 2/2 2s (20) 


Zz 


Example 3 Numerical values for 


the circuit equations are necessary to 


8 
fox a's ee tree a ae 
INDEX RATIO 


Figure 8. Values of multiples of the basais 
frequency and corresponding values of the 
index ratio 
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DIAMETER OF CHARGE —CM 


Figure 9. Walues of frequencies for the index - 

ratio values 2.50 and 3.50 for a range of: 

diameters of carbon steel at 1,200 degrees. 
centigrade 
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PER CENT 


INDEX RATIO 


- Figure 10. Values of current for a given 
watts input to a charge with frequencies above 
the base frequency 


Values are percentages of the current with the 
base frequency 


240 bate 
220 ze 
var aoc 
oO 180 4) = 
es Oe eS 
Oa 
2 20 Aue te ae 
eae veeeaeae 
02) SEAS ee 
i ‘. Sees akren : 
Figure 11. Voltages required fora given watts 


input to a charge with frequencies above the 
: base frequency 


pycltes are percentages of the voltage with 
the base frequency 


b 
’ Curve A, air-gap ratio, -=1.20 
a 


=1.05 


b 
Curve B, air-gap ratio, - 
a 


-* seoees 
ere [eee | 
Z 
5 
INDEX, RATIO 
Figure 12. Kilovolt-amperes required for a 


given watts input to a charge with frequencies 
above the base frequency 


Values are percentages of the kilovolt- 


amperes with the base frequency 
‘Curve A, air-gap ratio 1.20 
- Curve B, air-gap ratio 1.05 


iilustrate the voltage relation of equation 
19 and the kilovolt-ampere relation of 
equation 20. Any convenient set of 
‘values will serve. The data selected are 


a=8 centimeters, /=8 centimeters, » =1.0, 
p=102X10-* ohm-cubic centimeters 
N=6 s=0.81 
Air-gap ratios, 1.20 and 1.05 
Voltage Relation. 


' quired for a given watts input to a given 
charge with different frequencies, up-to 
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The voltages re- 


j in. Ry 
ten times the base frequency, with the 
two air-gap ratios, are given in Figure 11 


‘as percentages of the voltages required for 
the given watts input. with the base fre-. 


quency. | 

Kilovolt-A mpere Relation. _ ‘The vale 
ues of kilovolt-amperes required for 
the given watts input to a charge under 
the conditions noted for the voltage rela- 
tion of the preceding patagrapy are given 
in Figure 12. 

Example 3, continued, 


cs 1.20, curves A, Figures 11 and 12, 
a 


Base frequency, fp.....-- 900 cycles 

New frequency, fo.......-8,100 cycles 

New index ratio, Ag...... BVA!) 2.60 =7.50 
New current, #2.........- 0.4622 

New voltage, éz.........-. 2.55€2 

Newikvassic secant 1.17 kvag 


Frequency—Efficiency—Power 
The kilovolt-ampere relation of Figure 12 
can be considered from the viewpoint of 
the product of efficiency and power factor, 
equations 11 and 12, respectively. The 
characteristic thus obtained is shown by 
curve C of Figure 7. This characteristic 
corresponds to curve B of Figure 12. 

Optimum Frequency Range. . The 


graphs of Figure 12 do not indicate a 


well-defined optimum frequency. There 
is an optimum range of frequency, and the 
smaller the air-gap ratio the wider is this 
range. 

Service: The two divisions of peo 
tion-heating service are: 


_ (a). Heating solids i teniperatenss below | 


the melting points. 
(b). Melting metals. | 


Heating Solids. The conditions of 
this service vary widely, both as regards 


the character of the charge and the pur- — 


pose of the heat application. A general 
rule is that the desirable frequency is a 
frequency within the optimum frequency 
range. 

Additional Factors. Two additional — 
factors which affect the selection of fre- 
quency for heating a solid charge are: 


(a). The watts per unit area of the pe- 
ripheral surface 6f the charge. 


(0). The length of the heat cycle. 


The upper limit of ‘watts per unit 
area” is the value above which there is 


risk of melting the surface layer of the 


charge. This limit must be gauged by 
the ratio of the peripheral surface area 


of the charge and its volume.’ This ratio 
for a solid cylinder is oo 
en Nem i 

el (21) 


The limitations on the length of the 
heat cycle are: 


(a). Grain growth. 
(b). Surface cats ‘ 
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‘in heating steel for hardening deper 


‘of induction heating in a paper 


_ It is often necessary to consider a range 


Factor. 


The opel inueation? is a © 
of the “open-air” method of in 
heating applied to solids. 

A third factor not hereinbefo 
tioned is the depth of the harden 
in the special application of heatt g 
for hardening. 

The desirable depth of hardened zone 


mainly on the type: of steel and the serv. 
for which the part is intended. 

These additional factors are matters of 
experience based on metallurgical © 
siderations and cannot be embodied in 
gerieral rules for practice. There is much 
useful information relating to these phases 


Vaughn, Farlow, and Meyer.® 


of diameters (thicknesses) of charges o 
given material in the selection of 
quency. The latitude of the optin 
frequency range (if the air-gap ratio 
taken into account) together with 
degrees of freedom in the choice 
“watts per unit area” and the length 


charges. Also, these coniditions § genere 
permit the use of a standard frequency 
each case. 
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Figure 14, Valuket of a in equation 23 
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igure 15. Values of K in equations 25 and 
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Figure 16. Values of Yin equation 26 
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igure 17. Values of the reactance function 
[F,] for solid cylindrical charges: 


Frequencies below the lower limit of 


he optimum frequency range are found in » 


yractice, particularly for type-3 charges. 
[his practice gives qualitative considera- 
ion to the boosting effect of permeability 
is an aid in the initial rate of heat de- 
relopment. - Also, frequencies above the 
upper limit of the optimum frequency 
ange are in use. There is no technical 
ybjection to such frequencies where the 
practice is considered advantageous. 
Melting Service. There are two 
pecial requirements which dictate the 
election of frequency for metalwmelting 
ervice. These are: 
a). The initial heating of a charge of 
crap metal. ‘ 


b). The stirring of the molten metal by — 


Jectrodynamic action. 


Initially the index ratio is related to the 
ature of the charge and to the dimen- 


ions of the pieces of the charge. The | 


requency must be a value that gives a 
ransformation efficiency high enough for 
ffective initial heating, that is, to start 
he heat cycle. : 


‘ 
‘ 
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te=[(r°—1s)a-+7s] ohm 


si Sia EY Mae 


After the charge has reached the liquid 
stage, the stirring of the metal by electro- 
dynamic action is proportional to the 


square of the ampere turns. For a given 


watts input to the charge, the required 
ampere turns decrease with increase of 
frequency. The stirring of the liquid 
metal must be moderate in degree and the 
frequency must be suited to that require- 
ment. 

_ These two requirements and the eco- 
nomics of the service early led to the 
adoption in the United States of 960 
cycles for steel-melting furnaces above 


100-kva rating. The standard frequency ' 


for smaller furnaces is 3,000 cycles. 
Various higher frequencies are used for 
laboratory furnaces. 


Appendix. Circuit Equations 


The equations given herein are modifica- 


‘tions of the theoretical equations of the 


circuits of the transformer of Figure 1. 
These equations were derived from experi- 


' mental studies of circuits with frequencies 
up to 9,600 cycles and with charges with: 


lengths not less than the diameters. 
Primary Resistance. A single-layer coil 
with a water-cooled copper-conductor at 50 


' degrees centigrade is assumed. 


The radial thickness of the conductor of 
this coil for the minimum a-c resistance of 
the coil is approximately — 


centimeters 


15 
T= 
Vi 
The equation for the a-c resistance of the 
assumed coil is - 


» 0.0018 f N% (24) 


f=frequency 
N=number of turns 
b =inside radius of coil, centimeters 
‘J=length of coil, centimeters 
s=space factor of the winding 
fT »° 
= < | 
X.- from. Figure 13 
7=the radial thickness of the conductor of 
the coil 


(a from Figure 14° 


This method of calculating the a-c resist- 
ance of a coil is based on the work of Burch 
and Davis. cag , 

Tf the radial thickness of the conductor is 
less than the dimension given by equation 
22, the value of the a-c resistance of the coil 
approaches more and more closely the value 
given by equation 24. 

Primary Reactance. The reactance of 
the primary coil is calculated by the equa- 
tion, 


Sr 5fN20? 


mo 5109 a 


(Ky) ohm 
Kp=correction for the proportion of the 
_ coil, Table X of circular 74, National 
Bureau of Standards.’ Some of these 
values are given in Figure 15. 
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(22) 


(23) 


Effective Radius. As a rule with the 
frequencies used*for induction heating the 
use of the inner radius of the coil in equa- 
tions 24 and 25 as the effective radius of the 
path of current in the primary conductor is 
of sufficient accuracy. 

Primary Capacitance. Generally, the 
capacitance of the primary coil can be 
neglected. It may be desirable to take it 
into account with very high frequencies. 

Secondary Resistance. The a-c resist- 
ance'of the circuit formed in the charge is 
calculated by the equation, 


2rpN? 
1 


C= 


A[F, ](Y) ohm (26) 

p =theresistivity, ohm-cubic centimeters, of 
the material of the charge at its maxi- 
mum temperature 

N=number of turns in the primary coil — 

_J=length of charge, centimeters 

A=the index ratio corresponding to the 
previously noted value of resistivity 


[F,] from Figure 3 \ 


Y =a correction factor from Figure 16 


Secondary Reactance. The equation for — 
the reactance of the secondary circuit is 
__ 8x8fN%a? 

' 110° 


26 
(fel=(1-2 ), 


- [ber A bei! A—bei A ber’ A 
d=} Se = (27) 
ber? A-++bei? A , 


Xa [Fr](Ka’)(¥)*/2 ohm , 


A graph of values of [#,] for a range of 
values of the index ratio is given in Figure 
ie 


K,’=a correction from Figure 15 on. the 


basis of the ratio, rie >a 
0.50\,. pa 
dal 1 — =) ; =f 
A : 
1 i - 


Combined circuit, primary and secondary : 


Resistance, R=(r)+7) ohm (28) 
Reactance, X =(x»—xz) ohm» (29) 
Impedance, Z=(R?+X)? ohm (30) 


\ 
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Gaseous- Discharge Lamps for Airplane 
| Lighting Service 


E.W.BEGGS ys | 


NONMEMBER AIEE 


™ITUORESCENT lamps always have 
been considered desirable for general 
lighting within the airplane in order to 
reduce power consumption and utilize the 
long thin tubular-light sources that fit 
in so well in the interior of an airplane. 
Four-hundred-cycle operation has been 


' found by Hays!* to be excellent for 


fluorescent lamps, providing about 20 per 
cent greater efficiency than the 60-cycle 
alternating current for which these lamps 
were created originally and reducing the 


size and weight of the ballasts required. 
However, uncertainty as to lamp opera- 


tion at low temperatures and particularly 
at the extremes of low temperature that 
might be encountered at tremendous 
altitudes has prevented the general use.of 
these lamps in this field. 

The fact that fluorescent lamps now are 
used for instrument lighting in military 
airplanes has indicated that the danger of 
starting and operating trouble is small, 


but, since these instrument lamps are en- 


closed within heat-conserving housings, 
it has been thought that the good per- 


formance they give may not be sufficient 


proof that larger fluorescent lamps will 
give equally good service in cabin lighting 
and other similar uses. 

Similarly, while. glow lamps now are 


used successfully in certain special appli- 
cations in airplane lighting and for indi- 
cator service, very little has been re-_ 


corded regarding their performance on 
the 400-cycle alternating current com- 
monly used in airplanes. Consequently, 
a study was made of the effect of low- 


_ temperature and 400-cycle operation on 
these two types of lamps in order, if 
possible, to release them for general use 


in airplane service. 


_ Fluorescent Lamps 


The chief problem with the fluorescent 
lamp is to determine its performance 


_ throughout the normal anticipated range 


of ambient temperatures and also to 
carry this investigation down to the ex- 
tremes of low temperature that might be 
encountered at high altitudes. 


Paper 44-136, recommended by the AIEE com- 
mittee on air transportation for presentation at the 


June 26-30, 1944. Manuscript submitted May 6, 
1944; made available for printing May 23, 1944, 


E. W. Beags is in the Westinghouse lamp division, 


Westinghouse Electric and Manufacturing Com- 


pany, Bloomfield, N. J. 


_ The author acknowledges experimental work done 


by V. H. Laughner, K. F. Molton, and A. J. 
Dusault. 
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In this | 


_ rack to test effect of cold sur- 
AIEE summer technical meeting, St. Louis, Mo., | 


low-temperature investigation the as- 


sumption was made that, in certain 
emergencies which might occur during the 
war, the interior of the airplane might 
reach the same temperature as the outside 
air. Such a condition probably would 
occur rarely if ever in civilian operation, 
but the information always would be of 
value in determining the practical as 
well as the theoretical range of usefulness 


for thistype oflamp. | 


In this investigation standard | ib-watt 
T-8 bulb lamps were tested in three 
representative types of - installations. 


_ One consisted of the bare lamp exposed to 


natural flow of the surrounding air. The 
second consisted of the lamp with a fairly 
close-fitting reflector designed to conserve 


some of the heat generated by the lamp. » 


The third consisted of a lamp surrounded 
by a glass tube sealed at each end so as to 
minimize the heat loss from the’ lamp 
when operated at low temperatures. 
These lamps were operated at both 400 
and 60 cycles for comparison. 

The lamps were placed ih the cold box 


and brought to full equilibrium at various > 


temperature points. Where small tem- 
perature changes caused large changes in 


lamp performance the time required to © 


reach a steady state ranged up to an hour. 
Readings were made of voltage, amper- 
age, and relative light output. Starting 


characteristics were checked throughout 


the temperature range. All values re- 
ported represent the average of several 
lamp runs, so that the values indicate 
quite closely what would be obtemens in 
service. 

The lamps were operated at normal 
wattage. At 400 cycles this required 


' operation at a current of 0.400 ampere at 


which the lamps generate approximately 


Figure 1. Test lamps were 
mounted on open wooden 


rounding air on lamp perform- 
ance 


Front lamp bare; middle lamp 
protected by glass-tube jacket; 
rear lamp operated beneath 
close-fitting reflector, reflector 
turned back to show mounting 
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either 60 or 400-cycle current. At 


» flush built-in fixture is similar in effec 


Lamp OPERATION ro). ee 


glow switch or the thermal switch. 


120 ber cent , ‘of normal 
‘This higher than normal ren 
loads the electrodes somewh 


found area for + civilian use, 
war: 


LIGHT OUTPUT 


_ The tests revealed the eopeaae 
that this 15-watt T-8 lamp will 
lighted down to the extremely low - 
peratures encountered at high altitudes 


higher frequency they show a sligl 
better maintenance of light output at 
temperatures and a Jarger factor of safe 
in operation. “f 

The use of a glass cover plate o ove ra 


the glass enclosing tube used in the 
Such an arrangement will result in r 
ably well-maintained light output : 
fluorescent lamps operated for prolo: 
periods of time at ambient tempera 
well below zero degrees Fahre 
Also, because it takes considerable 
to cool the enclosed lamp, light will 
maintained quite well for periods of 
few minutes at the minimum temp: 
tures used in the tests. It will main 
a level of illumination suitable 
emergency use for prolonged periods o! 
operation at temperatures below —50 
degrees Fahrenheit.. 

‘Exposed lamps always will sufi 
greater light loss at iow ambient temp 
tures, depending of course on the de 
of movement of the cold air at the surface 
of the lamp itself. A close-fitting reflec- 
tor improves the conditions somewhat | 
shown by the curves. In general, su 
an arrangement of the reflector to 
serve heat is well worth while and 
recommended lighting practice t to reduce 
glare. eee 


Low-Temperature Starting.  F 
rescent lamps are designed to be starte 
means of a starting switch of some sort. 
This may be a simple manual switch or 
an automatic device such as the stand: 


Figure 2. Lamp rack installed in cold box 


t ; [ Le 

Door opened to show test setup. Equilib- 

rium reached for each reading, requiring in 
_ ,some cases a period of two hours, - 


is frequently used under adverse starting 
conditions such as at low temperatures. 
Various standard methods and modified 
schemes of starting were tested to deter- 
mine starting reliability over fhe test 
range of temperature. 

Lamp starting is critically affected by 
line surges, by capacitative effect of metal 
such as reflectors located adjacent to the 


lamp bulb, and by static effects in the air 


particularly as influenced by humidity. 
Not all possible combinations of circum- 
stances were explored, and so this report 
on starting is merely a record of experi- 
mentsrun. Itis probable, however, that 
in ordinary operating conditions the re- 
sults will be about “i same as found i in 
‘these tests. A, } 

_ Starting of fluorescent lamps with the 
standard glow switch on 118-volt 60-cycle 
lines generally becomes somewhat unde- 
pendable- below 40 degrees Fahrenheit. 
Four-hundred-cycle operation is some- 
what more favorable for starting, but 
good practice is to recommend glow- 
switch starters for temperature ranges 


down to 50 degrees Fahrenheit. The cir- | 


cuit is generally familiar and is shown in 
Figure 4. Below this point other starters 
should be used on both 60 and 400 cycles. 
On 60-cycle circuits low-temperature 
conditions require the use of a thermal 
‘starter. 
and eliminates practically all danger of 
‘recycling of the starter. With such 
starters on 60 cycles standard 15-watt 
amps and equipment are dependable 
down to zero degrees Fahrenheit. On 
400. cycles, however, the thermal. starter 
alone is not appreciably more effective 
than the glow switch, so other methods 
of starting are required for dependable 
starting at low temperatures. 

For low-temperature operating condi- 
tions on 400 cycles a small series capacitor 
provides dependable starting with either 
the manual or the automatic peepee) 
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Figure 3. All lamp charseter 


ambient temperature at the 


‘Figure 4. Conventional glow switch and 
- choke circuit for fluorescent lamps suitable for 


This greatly improves starting ' 


lamp life. 


istics measured by meters out- 
side cold box 


Photoelectric. cell and thermo- 
couple inside chamber meas- 
ured relative light output and 


lamp 


starter. Such a device is shown in the 
diagram in Figure 5. For the 15-watt 


- T-8 lamp tested, a capacitor of one micro- 


farad starts the lamp readily down to 
about —10 degrees Fahrenheit. A 
capacitor of 11/,; microfarad starts it 
down below —30 degrees Fahrenheit. 
The use of the series capacitor for.start- 


ing is highly effective for 400-cycle opera- 


SWITCH - 


'BALLAST 
ye 


1 


LINE. 


60 or aoe cycles 


A00V I10-l25¥v A.C 


Figure 5. Special 400-cycle circuit to pro- 
vide dependable starting of fluorescent lamps 
at low temperatures 


fee 


tion, but if the lamps are turned on and off 
frequently it tends to shorten lamp life 


and so is recommended only if assurance - 
of dependable lamp starting at low 


temperatures is more important than long 
Normal life on standard eir- 
cuits at normal amperes (0.30 A) is 2,500 
hours with the lamp turned on and off 
once for each three hours of burning. 
Using the 11/,-microfarad capacitor de- 
scribed previously and operating the 


‘lamps at 0.40 ampere, it is probable that 
lamp life will be reduced to an average of 
approximately 1,000 burning hours. 


Where a longer lamp life is desired the 
lamps may be operated at lower wattage. 
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LAMP VOLTAGE—VOLTS 


STEADINESS AND RECYCLING OF STARTERS 4 


No evidence of unsteady operation was 
noted during these tests. Thelight meter 
cell was inside the chamber and showed 
no minor fluctuations of light output. — 
The voltmeter and ammeter also gave © 
good indication of steady operation — 
throughout the entire temperature range. — 
In addition the door often was opened for 4 


+80 +40 ee ne 
' TEMPERATURE — DEGREES FAHRENHEIT 


A. 400 cycles, 118 volts © 
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Bie’ 60 cycles, 118 volts 


-40 


Figure 6. An_ enclosed fluorescent lamp 
maintains its light output at low temperatures, 
\ particularly on 400-cycle circuits 


Tests run with clear glass cylinder er be 
lamp as shown in Figure 1. Still air through- 
out all tests 
a moment to observe conditions, andin no — 
instance did unsteady operation show up. 
Recycling of the standard glow-switch — 
starter at low temperatures tesults when 
the cold raises the lamp arc voltage to a 
value equal to or above the breakdown 
voltage of the gas (neon or argon) in the - 
glow switch itself. _This causes the lamp — 
to flash alternately on and off. The 15- | 
watt 7-8 lamp has a normal 60-cycle 
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-— 


Wg 


_ voltage of 56 volts, while at 400 cycles the 


voltage is only 43 volts. The minimum 
breakdown voltage of the neon filling gas 
with the electrodes used in the standard 

FS-2 starter switches is 80 volts at 60 
cycles and somewhat higher at 400 cycles. 
These breakdown volts are practically 
unchanged at any ambient temperatures 
that may be encountered. This provides 
a wide factor of safety with glow-switch 
starters in 400-cycle operation. 
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Figure 7. Close-fitting hood-type reflector 

above lamp tends to conserve lamp heat and 

maintain level of illumination somewhat better 
at low temperatures than with bare lamp 


The curves in Figures 6A through 8A 
show that in no case on 400 cycles did the . 


lamp voltage approach the critical value 


of 80 volts. Actually none of the lamps 


_ tested at either 60 or 400 cycles caused re- 


cycling of the glow-switch starter even 
at the lowest temperature reached. 
evident from the voltages obtained that 
there will be no danger with this size lamp 
of recycling in service, and it may be that 
on 400 cycles larger lamps, such as the 20- 


_ watt T-12 size can be operated without 


recycling at lower temperatures: than on- 
 60-cycle circuits. 


Glow Lamps 
_ Glow lamps are particularly well suited 


to 118-volt a-c airplane indicator service, 
because they consume very little power 


_ and are extremely rugged even in the 


small sizes generally used for indicator 
lights. | Consequently, investigations 
were made to determine the effect of 400- 
cycle power on lamp operation and also 


the effect of low ambient temperatures on 
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Tiss 


Seay } 
the iaade performance. Table I shows 
the starting volts above which dependable 
starting will be obtained for direct cur- 
rent, 60-cycle, and 400-cycle alternating 
current for several types of glow lamps 
suggested for airplane indicator service. 
These values reported in Table I were 


obtained from several samples of each of — 


the lamp.types shown. Because of the 
inherent variation of the glow lamp, many 
more samplings and readings at various 


Table | 
Approximate 
Starting Volts 
. Catalog 60 400 
Lamp Type No. D-C Cycles ‘Cycles 
| 1/5 watt, T-41/2, 
candelabra, 
screw, neon..... NE-45...90..,. 65..... 76 
1/o watt, G-10, 
medium, screw, 
TIE OLN csiaen eit erence NE-27 _— LO5e 63% 135 
1 watt, G-10, 
medium, screw, . : 
piletehs oa AR OAS NE-30.. .85. Gnas as 69 
2 watts, S-14, ’ 
medium, screw, 
neon 5 BB iva ayn OO seis 


points throughout life must be made be- 
fore the survey can be considered com- 
plete. However, the values given here 
ate indicative of performance to be ex- 


. pected in service. 


The starting volts shown in Table I are 
those values above which all new glow 
lampsshouldstart. Individuals frequently 
start at lower voltages. On direct cur- 


rent only one electrode (negative) glows, © 
producing approximately the same light 


output as the combined electrodes on 
alternating current. On 400-cycle cir- 
cuits the output is practically identical 
to that generated at 60 cycles. 

The effect of low ambient temperature 
on glow lamps was investigated on 400- 
cycle power. The experiments were run 
through a range of ambient temperatures 
from 70 degrees Fahrenheit down to —60 


_degrees Fahrenheit. Throughout this 


range the change in the light output and 
the operating characteristics of these 


- glow lamps was negligible, even though 


the lamps were not enclosed but 1 were 
piece to the air. 


Conclusions 


FLUORESCENT LAMPS 


It is evident from the experiments run 
that satisfactory light output, high 
efficiency of light production, and. de- 
pendable operation of fluorescent lamps 
are readily obtainable on 400-cycle air- 
plane circuits. Ordinary equipment with 


special lightweight efficient 400-cycle_ 


’ 
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chokes is adequate for ordi 


' in areas which people will occupy | 


LAMP VOLTAGE = VOLTS 
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curves eliminates all danger of recycling of 


relatively high voltage such as on. the’) 


cae 2 


temperature such as will be 


fort. Where provisions are to be : 
for emergencies or where military ne 
sity involves operation at lower ambient 
temperatures, the lamp should be en 
closed to maintain light output, and man 
ual.or thermal starter switches with a 
small series capacitor should be used to 
provide dependable starting. = - 


_ J 136- 1 


1205120 
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B. 60 cycles, 118 volts "ig : 


Figure 8. Simple mounting of bare lamp is — 
satisfactory for normal ambient temperatures, 
although shielding of light from view of passen- 

gers is desirable to eliminate glare , 


Lower lamp volts on 400 cycles shown i 


glow switch at extremely low temperature 
ranges = “a 


GLow Lamers 


Glow lamps are practically. unaffected — 
by low ambient temperatures, and their 
performance is excellent at 400 cycles. — 
These small rugged low-wattage long- 
lived light sources are recommended par-— 
ticularly as indicator lights on circuits of 


118-volt a-c lighting systems of 
large-sized airplanes. 
tion they will provide a maximum of a3 
pendability with a minimum of poseee 
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Hot- Saat Temperatures in Dry-Type 


: Transformer Windings 


H. C. STEWART 


> MEMBER AIEE 


Synopsis: With the increasing use of dry- 
type transformers, attention has been 
focused upon the fact that the difference be- 
tween the average temperature rise by 
resistance and the hottest-spot temperature 


rise is much greater than in liquid-immersed 


transformers. 

Tn this paper there are given the results of 
an extended series of thermal tests on a 
variety of dry-type transformer coils. Data 
are presented in regard to the effect of dif- 


ferent heights of coil stacks, different con-~ 


figurations, and, in addition, some essential 
precautions in making temperature meas- 
urements are pointed out. Hot-spot tem- 
peratures were investigated in coils cooled 
by natural draft and by forced-air circula- 
tion at different velocities for both directed 
flow and random flow. 

Sufficient data are given to determine the 
ratio between the average temperature rise 
of the windings and the hottest-spot.tem- 
perature rise. 
the need is shown for review and modifica- 
tion of the conventional hot-spot allowances 
for dry-type transformers. 


QIN the last few years there have been 
major advances in the manufacture 
and availability of class B insulating ma- 


terials, together with improvements - in 


the design of structures using these ma- 
terials. 

This has made possible a large increase 
in the upper limit of voltage and output 
ratings of dry-type transformers. A 
wider range of applications is now pos- 
sible and correspondingly, an increasingly 
great volume of these units is being built. 
These transformers are no longer special 
cases but should be regarded as an im- 
‘portant class of transformers. meriting 
serious and careful attention to their spe- 
cial problems and limitations, as well as 
attention to their possible advantages. 

Previous to these developments, dry- 
type transformers were cooled by the con- 
duction of heat through solid insulation 


to the enclosing case or were for the most — 


part sufficiently simall so that adequate 
cooling was easily obtained. With the 
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Based upon this relationship, . 


Lc WHITMAN 


ASSOCIATE AIEE 


advent of higher voltages and larger out- 
put ratings, satisfactory cooling becomes 
a major problem and unless such trans- 
formers are conservatively designed, 
winding hot-spot temperatures will ex- 
ceed established standards. Excessive 
hot-spot temperatures will, of course, 
hasten the deterioration of the insulation 


and shorten the life expectancy of the _ 


transformer. 


Present Hot-Spot-Temperature 
Standards 


At the present time, American Stand- 


ards for Transformers! specifies a 55-— 


degree-centigrade average temperature 


rise by resistance and a 10-degree-centi- 


grade hot-spot allowance for transformers 
with class A insplation. These same 
standards give a limit of 80 degrees centi- 
grade rise by resistance of transformer 
windings with class B insulation but no 
limit is given for either hot-spot incre- 
ment or for hot-spot temperature rise. 
Data in this paper will show that the hot- 


_spot increment for average temperature 
rises of 55 degrees centigrade and 80 de- 


grees centigrade for dry-type air-cooled 
transformers using class A and class B in- 
sulations respectively will greatly exceed 
10 degrees centigrade for the commonly 
used arrangements of windings. 
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Figure 1. Typical arrangement -of coils for 
tests, showing barrel coils with thermocouple 
locations 
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IN FAN-COOLED — 


Temperature Measurement of 
Bodies in Air 


It is necessary to take many precau- 


_ tions in the measurement of hot spots in 


windings cooled by air. First, it is highly 
desirable to insert measuring means. into 
the winding itself. Measurement of the 
surface of the winding leads to inaccu- 
racies since the radial gradient of these 
windings may be considerable, particu- 
larly when forced-draft cooling is used. 
Also, it is not clear whether it is the coil 
surface temperature or whether it is the 
temperature of the air film at the surface 


_that is being measured. Coverings on 


the thermometer or thermocouple bulb 
reduce but do not eliminate this uncer- | 
tainty. All measurements of winding hot 


Figure 2. Disk coil show- 
ing thermocoupie locations 


spots as described in this paper were made 
by thermocouples buried in the winding 
and secured in place at the time of wind- 
ing. Only turn insulation plus a very thin 
layer. of asbestos separated the thermo- 


. couple from the copper of the winding in 


vall cases. This totaled from 12 to 15 mils. 
‘When a thermocouple is in the maximum 
temperature level where there is no trans- 
fer of heat, the adjacent copper tempera- 
ture is, of course, reached, ~ 

All windings used in these tests were 
wound noninductively. This reduced the 
voltages required to, approximately the 
IR drop of the conductors, permitted the 
use of alternating currents, and allowed 
thermocouple measurements to be made ~ 
continuously while power was on without — 
the necessity of taking cooling curves to 
correct back to shutdown for determining 
hot spots. 
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TEMPERATURE RISE BY THERMOCOUPLE =—¢ 


~ TEMPERATURE RISE —C 


{00 
PER CENT DISTANCE FROM BOTTOM, OF WINDING 


° 25 50 75 
Figure 3. Previously proposed but incorrect 


axial winding and air gradients 


A—Winding temperature rise by thermocouple 
B—Air-duct temperature rise by thermocouple 


_ C—Average winding temperature rise by re- 


sistance 
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AVERAGE WINDING RISE” 
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; Figure 4. ‘Axial winding gradients with 


natural-draft cooling for 30! /2-inch coils 


To guard against the thermocouple 
wires conducting heat to or from the 
thermocouple bead and hence indicating 
an erroneous reading, these wires were 
buried in the coil in an isothermal region 
for a distance of at least six inches before 
being brought to the coil surface. 
Average temperatures of the windings 
were determined by resistance measture- 
ments with cooling curves taken to correct 
temperature back to shutdown. 


Table I. 


TEMPERATURE RISE BY THERMOCOUPLE —C . 


120 


100 


AVERAGE WINDING RISE 
BY RESISTANCE, 


ws 
fo} 


i) 
°o 


) 20% 2 40 60 80 100 
PER CENT DISTANCE FROM BOTTOM OF WINDING 
Figure 5. Axial winding gradients with fan 
cooling for 301 /9-inch barrel coils 


\ 


In the case of air-temperature measure- ~ 
ments, thermometer or thermocouple in 
an air stream will measure the tempera- 
ture of the air only if it is protected from 
receiving or giving up heat due to radia- 
tion to or from other bodies. A silvered 
tube one inch long and three-eighths inch 
in diameter was used around the thermo- 
couple bead in these tests with the bead 
held in a central position by means of 
cross threads. This allowed the air 
stream to contact the thermocouple but 
shielded it from receiving or losing much 


- heat by radiation. In the configurations 


tested, an unshielded thermocouple in- 
dicated air temperatures several degrees 
in error. 


Types of Windings 


Two general types of coils are used in 
air-cooled dry-type transformers. The 
first type is coils having vertical ducts 
only which are hereafter referred to as, 
“barrel” coils. They may be wound with 
or without layer insulation. Without | 
layer insulation, the strands are generally 
connected in parallel and as such are re- 
ferred to as “single-layer” coils even 
though they may be several strands high 
(see Figure 1, coils A and B). For coils 
of higher voltage, a barrel construction 
may still be used if layer insulation is in- 


Heat Run Data on Typical Dry-Type Transformer Coils 


RATURE RISE BY THERMOCOUPLE IN PERCENT 
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Figure 6. Axial winding gradients at vatio 
loads with natural-draft cooling for 301 /9-in 
, barrel coils 


troduced between layers. Such a coil 
hereafter referred to as a “‘multilay 
coil (see Figure 1, coil C). = 

A second type of coil has‘an arrange- 
ment of horizontal ducts, as well as a ver 
tical duct. These coils are hereafter 


Such coils are generally used as outs 
coils only as they usually have poor 
ing efficiency if used as inside coils in dr 
type’ transformers: ()°~ “ise ee 


Types of Coils Tested _ 


Barrel coils were tested in heights « 
12/2, 301/2, and 60!/2 inches, actual win 
ing lengths, and disk coils in 301/:-ir 
stack height only. These coil heights a 
typical of dry-type transformers in ra 
ings of 25 to 3,000 kvainclusive. 4 

Ducts were in general one-half inch 
wide for vertical ducts and three-eighth 
inch for horizontal. \ coisas 
| “4 
Arrangement of Coils | a 


i 
‘ 


Coils were arranged as in Figure 1 fo 
these tests. This arrangement has; 


t Fi , 
/ th 


t+ Natural draft. 
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* Disk-type winding similar to Figure 2. 
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Velocity in inner ducts 450 feet per . 
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AVERAGE WINDING RISE 
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Figure 7. Axial winding gradients with 
natural-draft cooling for 121 /9-inch barrel coils 


ner coil A which provided the heat that 
would normally be supplied by a core or 
an adjacent winding. No core iron was 
used but a core and yokes of wood were 
built into each test setup which approxi- 
mated the air restrictions which would 
exist in an actualtransformer. Windings 
A and B were connected in series so that 
their average temperature rise was within 
about five per cent of each other, 
was provided between windings A and B 


so that average temperature rise by re-- 


sistance of each could be determined. 

_ Since the coils were wound noninduc- 
tively, the currents in windings A-B 
could be adjusted independently of that 
in winding C. In well-designed trans- 


formers, the temperature rises of all wind- 


ings should be approximately equal; 
therefore, in these tests the currents in all 
windings were adjusted to give approns 
mately this result. 
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Figure 8. Axial winding gradients with 
natural-draft cooling for 60" /9-inch barrel coils 


dent that this method of fan cooling per- 
mits accurate design and prediction of 
winding temperatures. In the test setup 
an additional cylinder was placed around 
the outer coil to direct the air flow past 
this coil and so obtain directed flow. 

The random-flow type of cooling uti- 
lizes fans blowing air freely against the 
transformer core and coils. The air 
streams in this case are directed only by 
the location of the fans with relation to 
the windings. Considerable care and a 
trial-and-error method is necessary to 
give maximum efficiency to such an, ar- 
rangement... - 


Axial Gradients in Windings 


It might seem reasonable to assume 


that the axial gradient in these air-cooled 


coils would be a straight line whose maxi- 
mum value at the top of the winding 


- _ would be the average rise by resistance of 


Types of Cooling 


In the smaller sizes, dry-type trans- 
formers are usually cooled by natural- 
draft air circulation. In the larger sizes, 


fan cooling of some form can be efficiently | 


used. Fan cooling can be generally di- 
vided into two types, the so-called di- 
rected flow and random flow. 

In the directed-flow type of cooling, a 
motor-driven fan builds up a static pres- 
sure in a compartment whose only outlets 
are through the cooling ducts of the coils 
and core. Hence, there is a definite and 
controllable pressure drop across these 
cooling ducts and consequently a definite 
and controllable velocity of air flow in all 
these ducts. If these cooling ducts are de- 
signed so as to have equal frictional en- 
trance and exit losses, the air velocities in 
these ducts will be equal. In practice it 
may be desirable to design these ducts to 
have somewhat different air velocities so 
as to cool some parts of the coils more 
than others due to differences in loss per 


‘unit area of the surfaces. It is thus evi- i 
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the winding plus one half of the tempera- 
ture rise of the air which flows past these 
windings. Such incorrectly assumed 


_ gradients and relations are shown in Fig- 


lire 3. 


Actual gradients were measured in 


these tests by a series of thermocouples 
embedded in the coils. Locations of 
thermocouples in the barrel and disk coils 
are shown in Figures 1 and 2. Gradient 
curves from actual data are shown in 
Figures 4 and 5 for both natural-draft and 


- fan-cooled units. A marked feature of the 


vertical coil gradients is the turnover of 
the curves at the upper end. The hot 
spot was found to be at some point from 
75 to 95 per cent ‘of the winding height, 
being higher for taller coils. A series of 
curves taken at various loads i is shown in 
Figure 6. 

This turnover at the upper end is due to 
cooling of the top few turns caused partly 
by radiation and convection at the end of 
the coil, but primarily by conduction of 
heat away by the foundation cylinders 
and the coilleads. The effect of the leads 
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Figure 9. Axial winding gradients with — 
natural-draft cooling showing effect of leads 
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Figure 10. Radial winding ‘gradients for — 

601/-inch four-strand inner barrel winding, 
fan-cooled ~ 
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Figure 11. Radial ‘winding gradients for 
601 /s-inch four-layer outer barrel! winding, 
fan-cooled 


is strikingly shown by inverting a coil so — 
that leads are alternately at the top and © 
the bottom. The change in the gradients 
in these two cases is shown in Figure 9. 
Table I gives some of the test data on 
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Figure 12. Radial winding gradients for 
121 /9-inch four-strand inner barrel winding, 
natural-draft-cooled 
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Figure 13. Radial winding gradients for 
§ 121/9-inch four-layer outer barrel winding, 
natural-draft-cooled 
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- hot spots, together with air rises for some 
q typical natural-draft and fan-cooled de- 
mary sins,” . 
‘ For natural-draft inner-barrel coils, the 
y hot spot can be closely approximated by 
| adding 40 per cent of the temperature rise 
; of the air flowing past these coils to the 
average temperature rise by resistance of 
the coil. ‘This compares with the 50 per 
_ cent factor that would be expected if the 
vertical gradients were straight lines. 
This approach to hot-spot determination 
is: not correct, however, in the case of 


- 


outer windings where this factor varies - 


considerably, nor in the case of fan-cooled 
windings where the factor increases to the 
order of 100 per cent or more. The fail- 
ure of this rule for outside windings cooled 
by natural draft occurs because all the 
cooling air is not in a duct and hence not 
_ under control, cooler air continually join- 


ing the upward flow of the air currents on 


Table Il. 


Bul 


the outside face of the coil and so decreas- 


ing the measured air r temperatuyen 


‘ 


Radial Gradients in Windings 


Radial eendienent in coils are a function 
of turn and layer insulation, loss per unit 
area, velocity of air by the coil, and num- 
ber of strands high radially. It is obvious 
that fan cooling increases the velocity of 
air by the coils by a factor of several times 
that due to natural draft and so produces 


a larger temperature gradient from the 
inside to the outside of acoil. Also, due to 


4/03-/49 
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! A 
NUMBER OF eno FROM OUTSIDE STRAND 
Figure 14. Radial winding gradients for 


601/9-inch four-strand inner barrel winding, 


; natural-draft-cooled 


the over-all cooling effect, the loss per unit 


area of such coils can be raised by a con- 
siderable factor without exceeding guar- 
anteed rises. This totals toa considerable 
radjal gradient in the case of fan-cooled 
units. Typical radial gradients for fan- 
cooled units are shown in Figures 10 and 
In all cases the radial gradients 
shown are taken at or near the height, 
that the maximum axial ORR ENTE 
occurs. 

The radial gradients of inner coils are 
considerably greater in the case of fan 
cooling as compared with natural-draft 
cooling. The contrast in the case of 
outer coils is somewhat less since the ra- 
dial gradient is already quite large due to 


loss of heat by the coil through radiation . 


and also its contact with cool ambient air, 

The radial gradients of inner coils 
cooled by natural draft are small and the 
effect of axial height on the radial gradient 


Hot-Spot Increments in Degrees Centigrade for Dry-Type Transformers 
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TEMPERATURE GRADIENT BY 
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Figure 16. Radial winding gradients 


is correspondingly small. The eff t o 
outer coils is considerable, however, bein 
more than two to one for the range 
heights investigated. The effect of 
tion is clearly shown when comparin 
radial gradients of outer and inner 
as for example Figures 10 and 11, 


Hot-Spot Allowance as a Function — 
of Rise by Resistance 


For any given coil configuration, the 
data for natural-draft cooling and 
cooling can be plotted to give a stra: 
line using average winding rise by 
sistance as abscissa and hot-spot 
minus average winding rise by resistance 
as ordinate. This latter may be termed 
the “hot-spot increment”; hence, from 
geometry, De 
Y=mX ; ; 
where. 


Y =hot-spot increment 


x= average winding rise by resistance _ : i r 
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Figure 15. Radial winding gradients for 
601 /9-inch four-layer outer barrel winding, 
natural-draft-cooled ; - 
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301 /9-inch ten-layer outer disk-type winding 
natural-draft-cooled — aA 
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Table fil.” Hot-Spot Increments in Degrees Centigrade for Dry-Type Transformers 
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m=0.21 to 0.58 depending upon coil: con- 
figuration (slope of the line) 


This same relation may also be ex- 
pressed as a ratio of hot-spot temperature 
rise by thermocouple to average rise by 
resistance as shown in columns 9 and 10 of 
Table I. 

The coil height is a considerable factor 


in the hot-spot increment. This is true ’ 


for both inner and outer coils. 
These data can be further correlated in- 
to bands by noticing that outer coils 
cooled by natural draft fall into a lower 


band than inner coils cooled by natural © 


draft (see Figure 20). While these bands 
are quite wide, it should be noted that 
test data cover coils of widely differing 
heights and layer insulation, as well as 
different types. Disk coils of rather small 
build and of medium height (approxi- 
mately one-inch build and 30!/-inch 
stack height) were used and this un- 
doubtedly accounts for their being near 
the lower side of the band (lower curve in 
Figure 19). It is to be noted that there is 
abouta five-degree-centigrade difference in 


the hot-spot increment between inner and _ 
outer coils in the ordinary range of tem- ~ 


perature rises. This is explained by the 
loss of heat throughout the height of the 
coil by the radiation component. 
Fan-cooled coils were tested in heights 
of 301/. inches and 60/2 inches only, 
since at the present time it is believed to 
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Figure 17. Hot-spot increments for multi- 
fayer outer barrel coils, natural-draft-cooled 
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be economically feasible to build only the 


larger kilovolt-ampere sizes of dry-type 
transformers fan cooled. It is to be ex- 
pected that there is only a small difference 
in the hot spots of inner and outer coils 
cooled by forced draft since in both cases 


_the cooling is mainly by convection, and 
the cooling by radiation of the outer coil — 
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Figure 18. NHlot-spot increments for four- 
strand single-layer inner barrel coils, natural- 
draft-cooled : 
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Figure 19. Hot-spotincrements for disk coils, 
: , natural-draft and fan-cooled 
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_ Figure 20. Winding hot-spot increments for 


‘natural-draft cooling 
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Figure 21. Hot-spot increments for 301/o- 
inch inner and outer barrel coils, fan-cooled 
A—Cooling-air velocity 530 feet per minute 

B—Cooling-air velocity 2,015 feet per minute 
A—Inner coil 
@—Outer coil — 


©—Inner coil 
H—Outer coil 


is a small percentage of the total. The 
data substantiate this idea. Since the ra- 
dial gradients for fan-cooled coils are 
higher than for natural draft, the hot 
spots are slightly more, as might be ex- 
pected. ae 

There is some effect of change of air 
velocity, the lower velocities giving a 
higher hot-spot. Due to the fact that 
higher velocities can be somewhat more 
easily obtained in directed-flow design 
than in the random-flow design, there is 
some advantage in the use of this type of 
construction as a means of control for hot- 
spot rise. 

A correlation of natural-draft and fan- 
cooled hot-spot increments for 301/2- and 
602/>-inch coils, as shown in Figure 23, - 
indicates that the fan-cooled designs may 


‘have slightly higher hot spots, especially 


if low-velocity cooling is used. é 


Air-Duct Rise as a Function of 
Winding Rise by Resistance 


The air-duct temperature rise is a 


straight-line function of rise by resistance. 
It is interesting to rote that for medium- 
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height coils operated natural draft, the 
temperature rise in one-half-inch-wide air 
ducts is approximately equal to the aver- 
age temperature rise of the coil. The 
height of coil affects this air-duct tem- 
perature rise, the temperature rise being 
higher for longer coils. Duct width is also 
a factor, the change being roughly in- 


HOT-SPOT INCREMENT —C 


80 100 120 


(0) 20 
AVERAGE WINDING RISE BY RESISTANCE—C 

- Figure 22. lHot-spot increments for 60! /9- 
inch inner and outer barrel coils, fan-cooled 


40 60 


A—Cooling-air velocity 490 feet per minute 


-- B—Cooling-air velocity 1,515 feet per minute 


<—Inner coil 
©—Outer coil 


f—Inner coil 


~A—Otuter coil 


; versely proportional to duct width within 
a limit of usual dimensions. 


_ Effect of Enclosing Case 


The data in this paper were taken 
_ mainly with the windings in the open air. 


This approximates the conditions when > 


expanded metal cases are used. In order 
to check the effect of a metal-clad case, 
such as might be provided by a sheet- 
metal case or the modern-styled louv- 
ered case, some runs were made with 
an enclosing metal shell with openings at 
top and bottom, The hot-spot increment 
was not affected within the limits of meas- 
urement by the enclosing metal shell. 


Discrepancies Between Existing 
Standards and Test Data © 


For 55 degrees centigrade rise (class A 
insulation), Tables II and III show hot-, 
spot increments for dry-type transform- 
ers ranging from about 11 degrees centi- 
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' grade for very short natural-draft coils to 
about 31 degrees centigrade for tall fan- 


cooled coils. This is contrasted with the 


‘flat 10-degree-centigrade hot-spot tem- 


peratureallowance in American Standards 
for Transformers! with class A insulation. 

For 80 degrees centigrade rise (class B 
insulation), these same tables show hot- 
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Figure 23. Winding hot-spot increments for 

natural-draftand fan cooling for 301 /9-inch and 
: 601/9-inch coils. 


20 60 80 


spot increments ranging from about 16 


degrees centigrade to about’ 46 degrees 


centigrade, depending upon coil length 


_ and method of cooling. There is no hot- 


spot temperature allowance given in 
American Standards for class B insula- 
tion. The only bench mark for ‘‘hottest- 
spot temperature’’ for class B insulation 
is given in introduction to AIEE Stand- 
ard 1 as 130 degrees centigrade. This, in 


conjunction with the previously used 40-, 


degree-centigrade ambient, gives a 10- 
degree-centigrade hot-spot temperature 
allowance. If an average ambient tem- 
perature of 30 degrees centigrade is used 
as given in American Transformer Stand- 
ards,! this allowance becomes 20 degrees 
centigrade. In most cases, these allow- 
ances are considerably less than those 
shown by the test data in this paper. 

It is thus evident that the hottest-spot 


allowances in the Standards are not con- 


sistent with those actually existing in 
dry-type transformers. 


Conclusions : 


1. It has been established by tests on the 
wide variety of sample coils described in this 


Stewart, Whitman—Hot-Spot Temperatures 


~ AIR=DUCT TEMPERATURE RISE —C 


- 5. No single hot-spot increment a 


paper that hot spots mucl 
tofore supposed exist in mod 
transformers of normal design ¢ 


‘2. There is no consistent relatio: 

tween the temperature rise of the a 
coil duct and the hot-spot tempera 
crement. In general, this incremen 


foe 30. f00_~—s: ‘20 
AVERAGE WINDING TEMPERATURE RISE _ 
BY RESISTANCE—C ; 
Figure 24. Air-duct temperature rises 
barrel-type coils with natural-draft co 


cooling and more than one half the air 
for forced-draft cooling. ee 


8. For a given dry-type transformer 
design, the ratio between the hot-spot 
perature rise and the average tempera 
rise by resistance remains constan Ww 
the average temperature rise is vari 
changing the load. | . 


hig 


ae 


4. This ratio increases. with coil height. 
This ratio is greater for inner coils than for 
the outside coil. = Ng 
For a given coil design and air vel 
normally used, this ratio is greater for fore 


This ratio varies somewhat with the type f 


coil design. ay 


for all types and ratings of dry-type tra 
formers because of the considerable nun 
of variables affecting the hot spot. 
6. The high hot-spot increments found 
these tests show the need of review 
modification of the conventional allowa’ 
for dry-type transformers. af 
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Boome Aspects of the “Application of 


Induction Motors to Aircraft 
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Synopsis: Fundameatal characteristics of 
the three-phase induction motor'are re- 
viewed with respect to their possible appli- 
cation to aircraft. A brief review of present 
motor specifications is presented, and test 
data are given on the operation of an induc- 
tion motor with one or two lines shot away. 
Common types of thotor loading are dis- 
cussed with reference to the suitability of 
‘induction-motor drive for each. Curves 
are presented to illustrate the characteristics 
of motors and various types of loading. 


‘ 


SE of electric power in aircraft has 
grown with each succeeding year. 


Aircraft have become larger, and with — 


~ each succeeding increase in size new and 
greater demands have been made for 
electric power. To date these demands 
have been met magnificently by 12-volt 
and 24-volt d-c systems, and there seems 
_ every reason to suppose that these sys- 
_ tems will be in use for a long time to come. 
However, there is a transmission-weight 
penalty for a 24-volt system on large 
airplanes, particularly when the total load 
is high. Therefore, with an eye to the 
very large planes of the future, the air- 
craft industry has been fostering the de- 
velopment of two new electric systems, 
mamely, a 115-volt d-c system, and a 


208-volt three-phase 400-cycle system. 


Either of these two proposed systems will 
reduce greatly the weight of the electric 
wiring, and each system has its own 
special merits. 
Motors constitute the principal electric 
load on military aircraft. A knowledge of 
motor characteristics is essential to a 


proper application of these motors to air- 


craft accessories and to the selection of the 


electric system itself. This paper pre- 


sents the fundamental characteristics of © 


the three-phase induction motor and some 
of the problems involved in applying 
them to aircraft use. The simplicity of 
construction, 
commutators and brushes recommends 
this motor very highly. However, there 
are certain disadvantages which must 


be considered, such as, lack of a high ratio - 


of starting to running torque and lack of 
speed control. In addition to these draw- 
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reliability, and lack of 


_ backs the conditions encountered in ap- 


plying any piece of apparatus to aircraft 
must be considered. These conditions 


‘are much more severe than those en-. 


countered in industrial practice. This 


point can be understood easily when it is | 


considered that an airplane may take off 
from a steaming jungle and within an 
hour be at an altitude of from 20,000 to 
40,000 feet, where the temperatures are 
anywhere from —30 degrees centigrade 
to —70 degrees centigrade; andin afew 
. hours it may fly far enough, so that when 
the plane lands the temperature would 
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Typical d-c motor speed—torque 
curves: 
A. Shunt motor 
B. Series motor 


Figure 1. 


still be from —50 degrees centigrade to 
—70 degrees centigrade. Of course, this 
_ cycle easily could be reversed. In indus- 
trial practice it is thought necessary to 


_rerate the motor with changes in tem- 


perature and changes in altitude, but an 
aircraft motor must operate at its rating 
under all of these conditions. In addition 
these motors must be light in weight. 
Compared with their commercial coun- 
terparts, they are mere pygmies. This 
means, that each part of these motors is 


worked to its utmost with a very small 


safety factor. Therefore, in applying a 
motor to a given job, care must be taken 
that additional material is incorporated 
in the design in those places which must 
take the extra wear and tear demanded 
by the application. 


Performance Specifications 


In'order that the engineers who make 
the applications of the motors, and manu- 
facturers who build the motors, may have 
a common language and understand each 
other properly, the United States Army 


- Braun—Induction Motors in Atrcraft 


Air Forces together with the manufac- 
turers of motors have written a prelimi- 
nary performance specification. They 


first picked a foundation frequency. 


This frequency is 400 cycles per second,’ 
which is a compromise between the 800 
cycles per second that has been used for 
aircraft radio and the 240 cycles per 
second that was believed best for motors. 
Since this preliminary specification does 
tend to give a common language or pic- 
ture of the motors, and since it does give a 
basis on which they can be rated, a review 
of the more common points will be found 
in Table I. 


Speed-Torque Characteristics 


For years the aircraft industry has been 
using small 12- and 24-volt d-c motors to 
perform the thousand. and one odd jobs — 
necessary to the successful flight of the 
modern airplane. Those who make the 
various applications of these motors to 


. these jobs are familiar with the character- 


istics of them and will recognize easily the — 
speed-torque curves given in Figure 1 as : 
the characteristics which apply to the two 
types of d-c motors most used on aircraft 
namely, shunt and series motors. In 
order to apply an a-c motor successfully — 
to these same jobs, the torque characteris- _ 
tics of the a-c motors must become famil- — 
iar to those who are making the SPPlGe fi 
tion. 

Figure 2 gives typical torque curves for | 
the two classifications of polyphase induc- — 
tion motors given in the table. These, 
curves have been smoothed, Under or- — 
dinary conditions the curves for these 


_individual motors are not smooth, but ? 
. they are filled with small ragged varia- 


tions caused by the distribution of forse 
in the motor and the winding distribution _ 
of the motor. Figure 3 shows one ex- — 
ample of an actual curve of a motor with © 
all the important variations. This curve ~ 

was taken in the normal manner by tak- — 
ing readings at set points. Therefore, it — 
does not show all of the minute individual — 
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i 


Table |. Motor Performance Specification 
Con- 
tinuous- 
Duty Intermittent- 
Motors Duty Motors 
‘Frequency. :.....-.- ...400 . ..400 
Line voltage........+.; 200 . .200 
Ditty eyclecis<shela<n =e Continuous. .1 minutein 20 
Allowable frequency : 
yariationts 7 ese es +5% ..£5% 
Allowable voltage vari- r 
SUION: odo c oe we tae Binge +10% .. 10% 
Combined variation of 
voltage and fre- 
IMOHICY Os. csteie na eed +10% .. =10% 
' Locked rotor torque y 
in per cent of full- ' 
load T6rdites< 5.08+j-108) 160% . .800% 


Breakdown torque in 
per cent of full-load 


TORQ 5. sweet aes 200 . .None specified 
Pull-up torque in per 

cent of full-load 

HOLdUes 9 keener t 140 . .None specified 


= 
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Figure 2. Typical smoothed speed—torque 
curves for induction motors 
A. Continuous-duty motors 
B.  Intermittent-duty motors . 


ekg 
Pa eel Ne 


(0) 50 loo §6.«150—S (ss 200s 250": 3300 
PER CENT FULL-LOAD TORQUE 


speed-torque curve showing 


Figure 3. Test 
f Cea irregularities 


variations which would be recorded by 


_oscillographic means. In using curves of 
this type it must be remembered that they 
apply only at rated voltage unless other- 
wise specified. When the voltage and 
frequency variations that are expected 
are taken into account, these curves vary 
as shown in Figures 4 and 5. Figures 4 
and 5 give the maximum variation of the 
speed-torque curves. for a variation of 
‘plus or minus ten per cent in voltage. 

_ This is the worst condition which can 

occur and still be within the limits speci- 

fied by the Army Air Forces. 

It should be emphasized that the curves 
included to illustrate general performance 
were obtained by assuming a certain set 
of constants for these motors. To make 
any application study a definite design 
curve should be obtained from the motor 
supplier. 


Motor Operating Speed 

The aforementioned curves have been 
plotted on the basis of percentratedtorque 
and per cent synchronous speed. For 
the 400-cycle system, the following motor 
synchronous speeds are possible: 24,000 
rpm, 12,000 rpm, 8,000 rpm, 6,000 rpm, 
4;800 rpm, 4,000 rpm, 3,428.50 rpm, and 
3,000 rpm. These speeds are the syn- 


chronous speeds for 2-, 4-, 6-, 8-, 10-, 12-, - 


14-, and 16-pole motors, respectively. 
In general, a lighter power unit can be 
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obtained by using the higher-speed 
motors and gearing down to the speed de- 
sired rather than using a motor with a 


large number of poles. Some idea of the - 
_ change in weight with the change in the 


number of poles can be obtained when it 


" js considered that an eight-pole one-horse- 


power motor has about 1°/, times as 
much active material as a four-pole one- 
horsepower motor. Nearly all three- 
phase induction motors run within a few 


per cent of their synchronous’ speed at 


full load: This can be seen easily by 
examining the curves in Figures 2, 3, 4, 


and 5. Further examination of these 


‘curves show that, even under conditions 
of high overload, the speed of the motor 
is still relatively close to the synchronous 
speed. For this reason an induction 
motor is known as a constant-speed type 
of power source. Where speed control 
is desired this constancy of speed in the 


PER CENT SYNCHRONOUS SPEED 


250 
PER CENT FULL-LOAD TORQUE | 
Speed-torque curves showing 
variation in torque due to voltage variation for 
continuous-duty motors , 


le) 50 100 150 200 


Figure 4. 


A. Speed-torque curve at 90 


QO per cent 
voltage 
B. Speed-torque curve at 110 per cent 


mo voltage 


induction motor is one of its chief disad- 
vantages. Speed is set by frequency and 
by certain constants in the motor, and 
therefore cannot be varied for an indi- 
vidual motor. Compare this constancy 
of speed with the speed-torque curves as 
shown for the main types of d-c motors 
in Figure 1. The series motor has a very 


large change in speed from no load to full 


load, and with overload the change be- 
comes correspondingly greater. The 


shunt motor more closely resembles the — 


induction motor. However, it has rela- 
tively large differences of speed between 
individual motors. This is not true of the 
induction motor, since its speed is regu- 
lated almost entirely by frequency. Ac- 
cording to National Electrical Manu- 
facturers Association Standards, the speed 
of a shunt motor at full load may vary 
plus or minus 7.5 per cent within 2 group 
of motors, whereas for the induction 
motor the speed variation among a group 
of motors is apt to be more nearly in the 
region of one half of one per cent. 
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In addition all d-c motors are su 
to a speed variation with input vi 
which may be nearly as great on 
centage basis as the per cent vari: 
the ifput voltage. Induction m 
speed varies very little with the inp 
voltage. Figures 4 and 5 show the ay 


proximate amount of variation that ¢ 
be expected. However, the speed of a 
induction motor does vary with fre 
quency, and, therefore, a variation of 
approximately plus or minus five per ce: 
can be expected because of frequen 
change. ay "9 


Locked-Rotor Inputs 


Locked-rotor inputs affect the siz 
the feeders and ‘protective devices at 
are, therefore, of interest to the aircra 
system engineer. It is impossible to g 
aircraft values applying to all cases,- 
the figures given in the Table II represe 
normal values that may be expected for 
three-phase 200-volt 400-cycle ind: 
motors. ne 

If, as often happens, the voltage und 
locked-rotor conditions is less than rate 
the inputs will be reduced; the torque, 
kilowatts, and kilovolt-amperes will vary 
as the square of the voltage, the amp 
will vary directly as the voltage, and 
power factor will remain constant. 
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Figure 5.. Speed-—torque curves showing varias 
tion in torque due to voltage for intermittent 
- duty motors em 


A. Speed-torque curve at 90 per cen 
voltage’ ae 
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Figure 6. Test speed—torque curves of a three- 
phase four-wire induction motor showing the 
effect of having one and two lines shot away 
ELECTRICAL ENGINEERING 

+ b . p _ 7 
7 


‘ 


| Motor ‘Temperature and Altitude | 


“Most of the motors designed for use in 
aircraft are designed to be cooled by a 
self-driven fan. The amount of cooling 
depends upon the differential of tempera- 
ture between the cooling air and the 
motor and upon the density of the air. 
Motors normally are designed to operate 
at various altitudes with temperatures 
per the National Advisory Committee 
for Aeronautics Standards charts. If the 
motor is subjected to ambient tempera- 
tures other than those given on these 
charts for the various altitudes, the 
“motor must be more conservatively de- 
signed and therefore heavier in weight. 


Motor Operation With One and . 
_ Two Wires Shot Away _ 

In the installation of d-c motors one 
Wire and a ground is usually used. With 
this installation, if the one wire is shot 
away, the motor stops. The a-c motor 
has three line leads and the neutral 
grounded. If one or two line leads are 
shot away, the motor will still continue 
to run, in most cases, though it may not 
necessarily start if it is once stopped. 
Figure 6 shows the test speed-torque 
curves of a motor that was designed to 
drive a generator which was subjected to 


overloads of short time duration. This — 


motor was designed, therefore, to have a 
rather high pullout torque point with 
respect to fullload torque. 
taken with one line open and two lines 


open. The results are shown in Figure 6. 


Note particularly the cusp that occurs at 


one-third synchronous speed with one ’ 
line open. . The size of this cusp varies 


with the winding ofthe motor. Forsome 
motors the torque actually may go nega- 
tive at this point. If this occurs in a 
particular motor it would never acceler- 
ate to its normal running speed. A motor 
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Figure 7. Polyphase induction. motor driving ; 


a fan 


A. Fan speed-torque curve at sea level 

B. Fan spéed-torque curve at 30,000- feet 
| altitude 

is Fan speed-torque curve at 40,000-feet 
altitude 
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Tests were 


“having the torque characteristic with one 


line open such as shown in Figure 6 would 


the torque loading was light. With two 
lines open, the motor would be running 
on single phase power and would act as a 
single phase motor with no auxiliary wind- 
ing for starting purposes. As long as it is 
running, it would continue to run pro- 
vided it was not too heavily loaded. 
Once it stopped, it would not automati- 
cally start itself when power was sup- 
plied. A motor operating with either of 


Table II 
Con- " Inter- 
tinuous mittent 
Duty Duty 
Torque, in per cent of fullload..... 160 .... 300 
Kilowatts per hotsenower creer ae PT ES Gee) 
Power factors: «cies cisieutic ce ee cisungie 0.50. 0.60 
Kilovolt-amperes per eae ae Pa estes 5.8 
are 17 


Amperes per horsepower.......... 


the two conditions—one or two lines open 


-—would not last long but would soon burn 
itself out or operate any thermal protec- 


tion device that might be applied. Con- 


sidering the multi-circuit wiring systems 


that have been laid out for the a-c sys- 


_ tems, however, the chance of a motor 


operating with either of these two condi- 
tions is extremely remote. 


Motor Loads 


Some of the other characteristics that 
affect the application of the motors can 
best be brought out by considering some 
of the different types of loads that occur 
in an airplane. Many of these loads do 
not occur singly but in combination. 
Because of the multiplicity of combina- 


tions, only the more common types of 


load will be illustrated here. 
Consider first the fan type of load. 


‘This load has a torque characteristic 


which varies as the square of the speed. 
Figure 7 shows a continuous-duty motor 
characteristic with a fan-torque character- 
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Figure 8. Fan load on a d-c series motor 
A. Atsea level 


B. At30,000 feet 
C. At40,000 feet 
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accelerate to full running speed providing — 


istic superimposed. It will be noticed 
that this motor at sea level is loaded to 
full load. Quite obviously there is no 
starting problem for a strictly fan load. 
But note what happens to the load on the 
motor at 30,000 feet. Since the induction 
motor is practically a constant-speed 


'motor, the torque loading goes down as | 


the density decreases. Compare this with 
the fan operated by a series motor as 
shown by Figure 8. Here, as the torque 
loading decreases with density, the motor 
tends to speed up; thus partially com- 
pensating for the decrease in density. 
Thus with two motors of identical rating 
the series motor would drive the fan in 
such a way as to deliver more pounds of 
air at high altitude. With the induction 
motor the load at 30,000 feet has dropped 
to approximately 48 per cent of the sea- 


level value, while with a’series motor it 


has decreased to only 66 per cent. _ With 
a series motor even less drop in load can ~ 
be obtained by operating on a steeper 
portion of the torque curve. If such com- 


pensation is desired with the induction 


motor, other meats of control must be 


used. 


Another type of load which i is encoun- 
tered very commonly is the so-called 
friction-type load. This type of loading 
is usually considered to have constant 
friction or. torque over a latge range of 
speed. If it is remembered that these 
friction loads generally are made up of 
bearings and gear losses, it can be seen 
that they are not constant but vary con- 
siderably with the consistency of the 
lubricant. Very few lubricants are not 
affected by extremes of temperature en- 
countered in aircraft. Even the friction 
between two rubbing surfaces changes 
with temperature and the condition of the 
surfaces. Thus, the assumption that a 


friction load is a constant-torque load is 


false. Only if all conditions of tempera- 
ture and surface are maintained constant 
can it be expected that the friction loads 
will be constant. In making any applica- 
tion of a motor to a friction load the maxi- 


» mum torque required should be deter- 
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Figure 9. Polyphase induction motor driving 
a pure friction load 
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mined for the worst conditions of tem- 


perature and surface that can be ex- 


pected. Most friction loads are char- 


acterized by having a relatively high 
breakaway torque, that is, the coefficient 
of friction is higher under static than 
under running conditions. Because of the 
relatively low starting torque of continu- 
ous duty induction motors this may be- 
come the limiting factor. Figure 9 illus- 
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rf ; , 
_ Figure 10. Motor torque in carrying out an 


intermittent-cycle operation having an over- 
P. » hauling load 


rs 


trates a pure friction load with no allow- | 
ance for variation due to temperature 
_ and surface conditions. 


Probably one of the most interesting 
types of application, not so much from a 
motor standpoint as from a control stand- 
ag Porat is the operation of inertia-type 
loads. Gyroscopes driven by motors are 


__ used in many of our best weapons today. 
_ These units generally require very little » 


running torque, since the only thing 
_which tends to stop them is a slight 


amount of bearing friction and some wind- 


age about the outside surface of the gyro. 
Therefore, the tendency is to apply rela- 
tively very small motors to these, units. 
Care must be taken, however, that ade- 
quate surface is provided to dissipate 


: ‘heat from the rotors of these motors. 


This can be understood easily if it is 
remembered that the amount of heat 


which must be dissipated in the rotor of a 


motor of this type is equaltothe amount of 
stored energy in the gyroscope. Just as 
an example, consider a wheel having an 
inertia of one pound-foot squared being 
accelerated to 11,500rpm. The energy 
stored in this wheel would be equivalent 
to 500 watt-minutes. To accelerate a 
wheel of this size to this speed, the rotor 
of an induction motor must absorb an 
equivalent amount of heat energy. This 
500 watt-minutes is enough heat to raise 
the temperature of one pound of copper 
175degrees centigrade. The general tend- 
ency for applications of this sort is to use 
motors whose rotors weigh much less than 
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one pound. In an to provide the ieee 


sary cooling the accelerating time must 


-be extended, or additional cooling area 
One of 
the best tricks for application of this _ 
kind is to turn the motor inside out, so» 


must be provided for the rotor. 


that the rotor becomes part of the rotating 
wheel and therefore has a large mass and 
heat-storage capacity. 

Overhauling loads seldom are encoun- 
tered by themselves ‘but are generally a 
part ofacycle operation. Figure 10 illus- 


- trates a cycle of operation of an actuator 


in which an overhauling load occurs. 
The a-c.induction motor is ideal for this 
type of application, since, if the motor 
is accelerated to only a few per cent above 


the synchronous speed, it will absorb 
approximately as much mechanical power 


as it would put out if it were running 


that per cent below synchronous speed. 
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Figure 11. Regulated generator feedi a 
igure egulated generator eeding acon: i anne given them an advantage which 


- outweighs the few disadvantages they, 


stant load driven by a three-phase induction 
motor 


In other words, it becomes an asyn- 
chronous generator and feeds electric 
power back into the rest of the system. 
Motors handling loads of this type, of 
course, must be able to deliver sufficient 
torque to take care of the highest require- 
ments of the cycle. Generally speaking, 
however, these cycles are of relatively 
short duration, and the cycles occur so 
infrequently that an intermittent-type 
motor can be used satisfactorily. The 
cycle illustrated in Figure 10 takes about 
30 seconds. 

A load which is encountered quite fre-. 
quently and has many variations is that 
which makes the motor a driving means 


’ for'a motor generator set. One variation . 
of this is a motor generator set feeding a 


constant resistance load, Under this 
condition, as the motor speeds up, the 


generator builds up until it reaches a 


point where saturation occurs or a regu- 
lator takes control of the output voltage. 
When this regulator takes control, the 
output of the generator from there on is 
practically a constant amount of power. 
Under this condition the torque varies 


inversely as the speed. An examination 
of Figure 11 will show that a condition 


very easily could be encountered in which 
the motor generator set would build up 
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If the generator built up to full v volta 
nous speed of the motor, as shown ¢ n 


- The motor would accelerate to about 


in such a way that under starting condi- 


This motor generator set thas a rat! 


cur with the others. 
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Aircraft Storage-Battery Design 


JOHN L. RUPP. 


NONMEMBER AIEE 


ITH the present great interest in 
aircraft, not only because of its war- 


time importance, but also because of the 


prominence it will have commercially 
after the war, as well as in postwar mili- 
tary needs, a careful scrutiny of the vital 
parts that make up the aircraft is in 
order. One of these parts is obviously 
the aircraft storage battery. It is used 
for engine starting, ignition, lighting, and 
radio. 

The paper means out wherein the air- 
craft battery requirements differ from 
battery requirements encountered hereto- 
fore. Then step by step each of the im- 
portant parts that goes to make the 

unit complete is described, and informa- 

tion is given as to what has been done in 

design to cause these parts to provide a 
performance of that part to meet aircraft 
usage. 

Attention i is called to certain departures 
that have occurred from what may be 
considered sound practice, and reasons 
are given as to how this occurred. 

Suggestions are made as to methods of 
correcting these departures and of experi- 
mental work that is being carried on for 
further improvement. 

In summarizing the data and experi- 
ence accumulated, a suggested design is 
offered which should overcome the 
present deficiencies and meet present 
requirements. 


Requirements 


The design of aircraft storage batteries 
involves two major considerations which 
differentiate the problem from batteries 
for ground or marine uses. T here is ob- 
viously first of all weight, and second a 
nonspill feature which will permit the 
battery to function at least for a limited 
time in any position. 

Storage batteries usually are associated 
in one’s mind with great weight, but since 
they are one of the best-known means for 
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AIEE summer technical meeting, St. Louis, Mo., 
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23, 1944. 
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the storage of energy, which immediately 
can be converted to electrical use, intense 
effort and attention have been directed to- 
ward reducing the weight consistent with 
required service. The resulting watts per 
pound of weight of the battery compares 
favorably with other units on the air- 
craft. 


Methods for Weight Reduction 


The most apparent and fertile field for 
work on weight reduction has been the 
reduction of life expectancy of the bat- 
tery down to a reasonable point for air- 
craft use. Like a shoe, the wear of which 
is proportional to the thickness of the 
sole, the wear in a battery is proportional 
to the thickness of the plates. Where life 
expectancy had been considered in periods 
of from 5 to 15 years, to consider it in 
from months to a year allowed much lati- 
tude for weight reduction. 


ecde 


The supporting framework for the ac- 
tive material of a lead storage battery con- 
sists of grids of antimonial lead. The 
long-life heavy battery will have grids of 
heavy section, and the antimonial content 
usually will be eight percent. By increas- 
ing this content to 12 per cent, the eutec- 
tic point for this alloy, and by allowing 
specific limited amounts of impurities, 
such as tin, copper, and arsenic to be 
present, good castings can be made in 
very light sections and thicknesses. The 
grid life will be reduced, but not below a 
period of reasonable service. Figure 1 


fa. 


j 
: 


We 
A 


Se ee re Oe ee 
B 
Figure 1 
A. A typical positive-grid section designed 
to give 41/2 years of life in reasonable heavy 
service 
B. An aircraft positive-grid section. The 
lighter section and thickness are obvious 
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illustrates the difference in thickness and 
member sections of a battery grid de- 
signed to give 4!/, years of life and an 
aircraft battery grid. 

Advantage is taken of the fact that, 
while the lead peroxide of the positive 
plate tends to distort its supporting grid 
by buckling and expanding it, thus re- 
quiring a sturdy construction, the sponge 
lead of the negative does not. The nega- 
tive grid, since it need only support this 
sponge lead and act as a conductor, may 
be constructed of light members with 
horizontal bars far apart and verticals 
light in section. 

Because aircraft batteries may be 
charged on a stationary bench in contrast 
to the vibration they receive in a plane, 
the practice of including feet on the grids 
as is done in many other types of service 
is continued. This permits the two feet 
of each plate of a given polarity to rest 
on the same bridges as the rest of the 
plates of that polarity, while the two 
feet of the plates of opposite polarity rest 
on alternate bridges. The sediment 
that clings to the bridges will in this 
manner be unable to cause short circuits | 
between plates (see Figure 2). 


Active Material 


The finished active material of the posi- 
tive plate is lead peroxide (PbO). This 


Y 
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Dec 9: ores are four bridges. The 

feet of the positive plates (two each) rest 

on alternate bridges. The feet of the negative 
fplates rest on their alternate bridges 


tuaed 


B 
Figure 3 
A. The profile of a microporous separator 
B. The profile of a wood separator 


Since the former has greater mechanical 

strength, the ribs may be narrower allowing 

more open space between them and greater 
acid in contact with the plate 
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: © j re 

Figure 4. The cross section is constant, 

decreasing the material used. The ohmic 

resistance is low because there are no thick 
sections 


‘is produced by mixing with a solution of 
sulphuric acid and water an oxide of lead, 
usually red lead (Pb;O,) or litharge 
(PbO) or both, and further oxidation 
occurs when this plate serves as an anode 
in an electrochemical bath using sulphuric 
acid as an electrolyte. The mixture of 
oxide and acid solution is made into a 
heavy paste and applied to the grids 
with a hand paddle or by a special ma- 
chine. A wide variation in porosity may 
be obtained by changing the proportions 

- of red lead and litharge used, the weight 
of these oxides per unit of volume, and 
the specific gravity of mixing acid used. 
Since an aircraft battery is called upon 
to deliver high currents for short inter- 
vals, an open porous peroxide is needed. 
Therefore, a lightweight red lead usually 
is selected and mixed with a rather high 
specific-gravity acid. The resulting large 
and numerous pores give ready access of 

the cell electrolyte into the plate. The 
reaction of the active material with the 
electrolyte is immediate, and large cur- 
rents can be delivered. 

Obviously this highly expanded per- 
oxide is of less weight than denser ones, 
which assists in keeping the battery 
weight down. Active materials like this 
are of short life compared to dense ones, 
so the material must not be expanded to 
a point where it will shed out and fall 
uselessly into the sediment wells before 
a reasonable battery life has been ob- 

tained, 

The finished active material of the 
negative plate is sponge lead (Pb). 
Litharge, usually a rather heavy one, is 
mixed with sulphuric acid pasted into 
grids to make plates and electrochemi- 
cally reduced to spongelead. To ‘‘sponge 
out”’ the lead, so that the cell electrolyte 


will have ready access and to further - 


aid in the output of the battery, a small 
percentage of lamp black and barium 
sulphate is added. The carbon serves 
mostly to increase the sponginess but 
also aids as an electric conductor; the 
barium sulphate changes the crystalline 
structure, keeping the crystals small and 
finely divided. Certain organic materials 


774. TRANSACTIONS 


in small quantities are added to increase. 


the battery output at low temperatures. 
Among these are wood dust, lignin, hemp, 
cotton, cork, and humic acid. They are 
used in quantities of only a fraction of 
one per cent by weight. Seemingly, they 


~ take no part in the reaction, but on dis- 


charge will increase the battery output at 
—20 degrees Fahrenheit to five times 
that obtainable without them. 


Separators 
Separators used are microporous rubber 


or treated wood. Either may be used in 
conjunction with a glass mat. The mat 


does not act as a separator but as a re- 


tainer of the positive active material. It 
is applied between the grooved side of the 
separator and the surface of the positive 
active material, thus holding mechani- 


7g INCH MINIMUM CLEARANCE BETWEEN 
EDGES OF BATTERY CASE AND ALL 
CURRENT-CARRYING PARTS 
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Figure 5. Liberty-motor ignition battery 


The space above the electrolyte will hold 

all of the electrolyte when battery is on its 

side without submerging vent plug. When 

upside down, electrolyte will not submerge 
hole in end of vent tube 


cally in place material that otherwise 
would become dislodged and fall into the 
sediment well. Its use is recommended 
where long life is desired with but a mini- 
mum of sacrifice of high-ampere-rate per- 
formance. Since the mats are only 0.03 
inch thick and can contain electrolyte up 
to 90 per cent of their volume, the slight 
additional internal resistance which they 
offer is almost offset by the more im- 
mediate access they permit of the elec- 
trolyte to the positive active material. 
The use of glass mats may be expected to 
add 50 per cent to the life of the battery. 

Microporous-rubber separators are pref- 
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erable to wood. They more nearly bal. 
ance out the life of the separator to the 
plates than do the wood separators. 
Their cost is higher than wood, but the 
increase represents only about five per 
cent of the cost of the complete battery. 

Additional advantages are: ; 


1. The lower ohmic resistance per unit of 
projected area results in lower internal 
resistance of the cell and consequently 
higher cell voltages on discharges. ‘ 
2. Since they do not require treatment 
before use, they may be inserted into posi- 
tion between the plates in a dry state. 


This permits the battery to be stored 
dry for an indefinite period without de-— 
terioration. The battery can be filled: 
with electrolyte and charged wherever 
needed with no loss in performance or 
life, regardless of the storage period. 
Batteries insulated with moist wood 
separators and stored deteriorate seri- 
ously after six months of storage. j 
The wood separator, so far as kind of 
wood, general profile, and shape, follows 
that conventionally found in automobile 
batteries, except that, because of weight 
and space limitations, it must be made in 
thinner sections. Preferred wood is ce- 
dar, but fir, cypress, and redwood are 
used. It may be sawed, rotary-cut 
veneered, or sliced. + ae 
To remove natural resins which are © 
harmful to the plates, the wood, after 
being grooved, is treated in a three per 
cent solution of caustic. This also serves 


Figure 6. The present German construction 

is little different from Figure 5. The visual 

level indicator (rectangular glass plate) 
unique 
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to decrease the ohmic resistance, but after 

_ treatment the separator must be kept 
moist or it will develop a high resistance 
and become weak mechanically exhibiting 
splits and cracks. 

The usual practice in either micro- 
porous rubber or wood is to allow an 
0.030-inch back web and a groove 0.040 
inch deep. The purpose is to make the 
separator resistance low and to allow as 
much electrolyte as possible to come 
between the plates for ready reaction with 
the active material. Conventional pro- 
file of the separators is shown in Figure 3. 

Recent experiments on a microporous 
separator of a profile as shown in Figure 
4 shows promise. Here the cross section 
through the separator has been kept 

constant. A 20 per cent decrease in 
_ ohmic resistance is achieved. The shape 
lends itself more readily to the manu- 
facture of synthetic rubber. The volume 
and weight of material used is lessened 
by one fifth. As far as tests have pro- 
gressed results have been good both’ as to 
life and discharge. The separator has 
been produced only on a laboratory basis. 


Electrolyte ae 


Sulphuric acid with a specific gravity 
when the battery is fully charged of 
1.285 is used. Permissible impurities in 
this specific gravity are: 


Impurity Per Cent Impurity Per Cent 
Lhgon: Soc crooriens 0.006 Nitrates..... None 
PAFSENICS 2 eo cies 0.00005 $Ammonia....0.00600 

' Antimony.....0.00050 Chloride..... 0.01200 


Manganese... .0.00002 Copper...... 0.00500 


Mechanical Construction 


The first requirement for an especially 
designed lead-acid storage battery for 
aircraft occurred during World War I 
with the development of the Liberty 


*1/2-7 


Figure 7 


A. The lead weight slides along the inside 
conical surface of the plug body until it 
closes the hole in the plug top 


« 


B. The lead ball rolls off the valve stem . 


permitting the rubber ‘“‘spring’’ at the bottom 
to close the rubber-seated poppet valve 
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motor, where it was desired to supple-' 


ment the magneto with battery ignition. 
The battery designed and used was a 
small eight-volt one capable of delivering 
three amperes for three hours. Because 
“many of the features found in it are still 
desirable, it is shown in section in Figure 5. 

It will be noted that the nonspill fea- 
ture was obtained by enlarging the elec- 
trolyte expansion chamber sufficiently, 
so that when the battery was placed on 
its side the electrolyte that ran from the 
cell proper was insufficient to rise to the 
vent plug in the center of the cell. When 
the battery was inverted the electrolyte 
was insufficient to rise to the hole in the 
lower end of the vent tube. Thus at all 
times the vent remained open for the es- 
cape of gas, but the electrolyte could not 
at any time reach the opening and run 
out. Since the periods during which the 
battery was inverted were short, sufficient 
acid was retained in the plates and 


SPONGE RUBBER GASKET 
PLASTIC LINING 


ALUMINUM COVER 


Figure 8. Electrolyte spilled from the vent 
is confined in the space enclosed by the 
plastic-lined aluminum container and lid 


This space also contains the intercell con- 
nectors and terminals, which may become 
short-circuited if there is much acid 


PORCELAIN CUP 
INSULATING LEAD LINK 


Intercell connector fitted with 


Figure 9. 
porcelain cup which is filled with asphaltic 
compound 


separators, so that the reaction could con- 
tinue and the battery deliver current. 
The use of glass mats even further aids 
under these inverted conditions. 

The only disadvantages of this type 
of construction are: 


1. The difficulty in obtaining a specific 
gravity reading, as the normal electrolyte 
level is well down below the vent plug 
opening in the cover. 

2. The nonspill space required increases 
the cubical dimensions per ampere-hour as 
compared with conventional types. 


It does not appreciably increase the 
weight per ampere-hour. 

Specific-gravity readings may be taken 
by placing the battery on its side with vent 
plug removed, and by using a hydrometer 
sytinge with a curved tube, so that the 
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Figure 10. The junction box containing 
the terminals must of necessity be small, 
making the application of the cable lugs to 

the battery terminal studs difficult 
syringe body is in a vertical position 
when the tube end is immersed in the 
electrolyte. 

It is considered that this construction 
is still the most effective nonspill one de- 
veloped. 

Figure 6 shows the present German 
construction. It is interesting to note 
that they have adhered to this old con- 
struction but have added an electrolyte 
level indicator. The indicator consists 
simply of a strip of glass extending 
through the cover down to the normal 
electrolyte level. In ordinary daylight 
or with average lighting, the lower end 
of the glass appears as a greenish-white 
rectangle upon peering down through its 
upper end, that is, if the electrolyte is 
below normal level (the end of the glass 
strip). When water is added through 
the vent hole and as the levelrises until 
it touches the lower end of the glass the 
greenish-white rectangle disappears leav- 
ing only darkness. The operator thus 
knows that.the normal level has been 
reached. — 

An improvement on the German 
method has been made by using a rod of 
methylmethacrylate. By tapering the 
lower end to a cone and by observing the 
ensuing dark circle that appears as com- 
pared in size with the rod circumference 
it is possible to judge how far up the cone 
the level has risen. In this way a level 
“range” is obtained instead of simply 
‘below normal” or ‘‘normal or more.” 

In passing, comment is made that 
German lead-acid aircraft batteries com- 
pare unfavorably with United States 
batteries in ampere-hours per pound of 
weight. This is because of design and 
not forced substitution of materials. Their 
principal loss is in their grid construction 
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For 15 years the desire of plane users 
has been away from the construction 
previously described to a battery having 
only the normal necessary expansion 
space and the use of vent plugs with 
check-valve arrangements which, upon 
rotating the battery, would close before 
the electrolyte reached them. This does 
result in a reduction of over-all height, 
but not a material one, asin incorporating 
the check-valve arrangement, whatever 
it may be, additional height must be 
given to the vent plug. 

' Figure 7 shows two types that have 
been used widely. In one case the in- 
verted lead cone slides along the conical 
_ surface of the vent-plug body until it 
comes in contact with the vent top closing 
the vent hole. This should occur before 
the electrolyte reaches it. In the other 
_ the lead ball rolls off the hard-rubber 
valve stem allowing the rubber band at 
the bottom of the plug to force shut the 
poppet valve mounted on thestem. Even 
lead is subject to’ some corrosion by sul- 
phuric acid, making parts stick and be- 
come inoperative. Disassembling the 
plug and cleaning it or discarding it for 
a new one becomes necessary. 

A major objection to the check-valve 
vent plug is its failure to allow the vent- 
ing of gas when closed. Some gas is 
given off from the battery on discharge, 
and a great deal is given off on charge, the 

amount being dependent on the amper- 

age of the charging current and the state 

- of charge of the battery. Present genera- 
si ; 


holds 


This push-on terminal 
promise 


Figure 11. 
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tors have extremely high amperage out- 
put, and it is not expected that the com- 
paratively small batteries used can ab- 
sorb it. Voltage regulators are used to 
control the input to the battery. Should 
these regulators become inoperative even 
for a short time, the gas evolved by the 
battery, even though it is in a partially 
charged condition, is enormous, and the 
vent plug has difficulty to relieve it when 
in an open position. If closed, a pressure 
is built up quickly which can force the 
cell cover out of the container, break the 
seal, and allow complete spillage of the 
acid. 

To collect electrolyte spillage from non- 
functioning vent plugs, the aluminum 
boxes and covers in which the batteries 
are encased to provide radio shielding 
are lined with soft rubber or an acid- 
proof plastic. A rubber gasket is applied 
between the aluminum case and cover, 
so that, when the hold-downs are drawn 
up, a seal is obtained which will hold any 
electrolyte spilled out of the battery 
proper in the open space above the 
battery. Figure 8 shows the general con- 
struction of aluminum box, cover, acid- 
proof lining, and space where the elec- 
trolyte collects. In many instances the 
accumulation of electrolyte in this space 
has been so great that drainage tubes 
haverbeen provided in the aluminum con- 
tainer, so that the spillage can be col- 
lected in a separate container away from 
the battery. 

The accumulation of acid on top of the 
battery may catise the battery to dis- 
charge through it from terminal. to ter- 
minal and cell to cell. All terminal con- 
nections inside the aluminum box are 
covered with rubber or plastic coatings 
-and in some installations the intercell con- 
nectors are imbedded in an asphaltic 
compound held around the connector by 
means of a porcelain cup (see Figure 9). 
The objections to this arrangement are 


Figure 12. Instead of separate aluminum 
box, acidproof lining, and internal hard- 


rubber monobloc, the unit is in one poly- 


styrene piece 


Rupp—Aircraft Storage-Battery Design 


* connectors is kept small. 


shown in Figure 11. It is believed that 


the difficulty of removing a connecto: tc 
open up a cell for examination or repa 
and the undesirable heat insulation of the 
connector. Because of the need for light 
weight, the cross section of the lead 


Outside Terminal Connections — 
The present practice is to bring the 
battery terminals through the aluminum 
box by means of lead-coated brass stud: 
encased in acid-proof nonconduct 
bushings drawn down with nuts. 
cable ends of the plane ‘harness to 
power source and battery load are sup- 
plied with terminal lugs and are attached © 
to the protruding studs and held with 
wing nuts. This outside assembly is en- 
cased in an aluminum junction box for 
radio shielding. The cables enter the 
box through knockout holes to which 
the cable shield is attached (see Figure 
10). ; : 
While this is an effective connection, 
confined space often makes it awkward 
as the lid of the junction box must be 
removed to reach the wing nuts. Other 
interfering equipment on the plane may 
make these wing nuts difficult to reach. © 
Consideration is being given to quick- © 
acting positive connections, such as is 


» 


there will be no weight increase, and that 
a better and more effective connector will 
result. = MAGS 


Cell or Battery Container. 


Hard rubber of good quality having © 
an elongation of six per cent and a tensile 
strength of 5,000 pounds per square 
inch has been used for aircraft containers — 
since their inception. It is sufficiently 
nonacid absorbent to outlast the battery 
plates. It is reasonably light in weight, 
does not soften until aforementioned 
temperatures encountered in satisfactory 
battery use, and does not become too 
brittle at low temperatures. Its rigidity 


Figure 13. The polystyrene assembly plated : 
with 0.001 inch of lead for radio shielding _ 
; is 
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is high enough so as not to distort when 
subjected to hold-down pressures suffi- 
cient to hold the battery in place. Could 
hard rubber of the quality described con- 


tinue to be available, it is doubtful. 


whether any serious search would be made 
for a substitute, but the scarcity of 
natural crude rubber has necessitated 
dropping the elongation to three per cent 
and the tensile strength to 4,000 pounds, 
This has brought about some weight in- 
crease. 

Much research has been done to find a 
substitute. Cellulose nitrate has the 
necessary characteristics for a battery 


container and long has been used as such. » 


It can be fabricated easily without large 
tool and mold costs and is plentiful, but 
it is highly inflammable and hazardous to 
work with during manufacture and use. 

Hydrolized wood has been given atten- 
tion and is still being investigated. :: 

The most promising material is the 
plastic polystyrene. It has all of the de- 
sirable features of hard rubber plus the 
fact that it may be used in thinner sec- 
tions, resulting in a sizable saving in 
weight. The present problem is not the 
material itself nor any lack of physical or 

chemical requirements, but rather the 
_ problem of molding. 

Polystyrene is a thermoplastic and in- 


PLASTIC, LEAD PLATED LID IF 
' RADIO SHIELDING REQUIRED 


TRANSPARENT POLYSTYRENE OR 
HARD RUBBER CONTAINER. 

PLATE WITH .001 INCH LEAD IF 
RADIO SHIELDING REQUIRED. 
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jection molding of battery cases in sizes 
smaller than are necessary in aircraft and 
has been quite successful. Many thou- 
sands are being built or are already in use. 
They are light in weight, transparent (so 
that the physical condition of the battery 
may be observed); covers are cemented 
to the container and become an integral 
part of it (making sealing leaks impos- 
sible), are cleaned easily, thus avoiding 
external short circuiting. 

Aircraft batteries of this material have 
been built wherein the polystyrene re- 
placed the aluminum box, acid-proof 
lining, and hard-rubber cell container in 
one piece. The resultant weight saving 
was several pounds on a 12-volt 34- 
ampere-hour battery. All metal in the 
box construction that might be subject to 
acid corrosion was eliminated. 

The weakness in this polystyrene unit 
assembly came from the fact that, at the 
time the work was done, no press large 
enough to make the box with one injec- 
tion was available, and from four to six 
injections had to be made to fill the mold. 
Strains in the unit resulted, and fractures 
occurred at low temperatures during 
vibration. It is believed that, when 
sufficiently large presses are available to 
handle a unit of this size with one injec- 
tion, a conversion to this material and 
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Figure 14. This de- 
sign suggests plastic 
container, _ plating 
for radio shielding, 
tube-type vent for 
nonspill, | push-on 
terminals, and visual 
indicating device 
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construction may follow. This will be 
governed also by the supply of available 
natural rubber or development in the 
technique of handling synthetic rubbers. 
Figure 12 shows the unit polystyrene 
assembly. 

The main purpose of the aluminum box 
in present design is for radio shielding, 
although as has been pointed out, since 
it has been provided with an acid-proof 
lining, its upper portion together with its 
lid or cover acts as a container for spilled 
electrolyte. In the case of the poly- 
styrene unit assembly the radio shielding 
was accomplished by electroplating the 
outer surface of container and cover with 
a coating of cadmium. Later lead was 
used, being preferable as it is acid-re- 
sistant and painting of the box was un- 
necessary. Both of these metals adhered 
excellently, and rough treatment such as 
blows with a blunt instrument and 
scratching did not loosen them nor cause 
them to peel. The coatings used were 
from 0.001 to 0.0015 inch thick and added 
but 2.5 ounces to the container weight; 
whereas, for the same size battery the 
aluminum box weighs 3.25 pounds. 

Figure 13 shows the polystyrene unit 
assembly plated with 0.001 inch of lead. 


Suggested Design 


Many of the objections to present-day 
aircraft designs are the result of rapidly 
changing conditions, causing the adop- 
tion of one expedient after another. To 
overcome one weakness some stopgap 
was used, which in turn had its own draw- 
backs, and additional adaptations had to 
be made to correct it. 

As a postwar design, or as a war design 
if materials and tools become available, 
the following is suggested: 


1. Revert to the old nonspill method using 
the large electrolyte expansion space and 
the tube vent plug. It will not spill, and 
gas is vented during inversion. 


2. Provide a rod-type visual acid-indicat- 
ing device. 

3. Useasimple positive quick-acting push- 
on terminal connection. 

4. Manufacture the container complete of 
hard rubber (if available) or polystyrene 
plastic. If the latter is used, since it is 
transparent, the visual indicating device 
may be eliminated, unless radio shielding 
is necessary. 


5. Definitely determine whether radio- 
battery shielding is necessary. There has 
been some doubt on this point. 

6. If necessary accomplish the pees 
by electroplating. 

7. Also, if necessary, provide a simple 


hard-rubber or plastic lid electroplated and 
clamped to the battery top. 


A design such as this will be light in 
weight, actually nonspill, easy to install 
and remove, and readily connected to the 
plane wiring. Figure 14 is a suggested 
general design. 
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Rating of Electric Equipment Under | 


Intermittent Load 


MYRON ZUCKER 


. 


Synopsis: Resistance welding furnishes a 
clear-cut case of intermittent load. The 
more elaborate and expensive equipment 
that marks the trend in welding away from a 
blacksmith’s art to a carefully controlled 
science watrants increased care in design. 
This paper explores one aspect of this de- 
sign: the thermal limits to the periodic 
load. that can be carried. In this case the 
application is to resistance-welding prob- 
lems, and illustrative material is drawn from 


a type of interleaved flexible welding cable 
that has seen seven years’ service in indus- 


try. The principles, however, apply to all 
types of welding: in fact, they extend to 
many fields in which the problem is to find 
the reaction to an intermittent force—such 
as electrical or mechanical transients. 


Analysis of Ratings Under 
Intermittent Load 


SHORTCOMINGS OF Duty CYCLE 


HEN electric equipment is sub- 
jected to intermittent load, as in 
spot-, flash-, projection-, or gun-welding, 
it is customary to rate it according to the 
duty cycle? under which it is to be used. 
This is good practice as long as we take 
duty cycle for what it really is: the 
proportion of time that the equipment is 
heated—or current ‘‘on” time divided 
But we may get into 
trouble by extending this definition to say 
that temperature rise is proportional to 
duty cycle—as is commonly done in rating 
welding equipment for intermittent load. 
In the past, uncertainty of design has 
called for such large safety factors in 
welding equipment that the errors in- 
herent in using duty cycle as a load 
multiplier were unimportant. The ad- 
vance in the art justifies a review of this 
situation. Such a review shows that for 
periodic loads there is a more accurate— 
and, in many cases, an easier-to-use— 
method for calculating maximum tem- 
perature of the machine. 
There are two indictments against 
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duty cycle and its associated averaging 
time: 

1. It does not properly account for the 
individual heating and cooling curves. 


2. It does not properly account for the 
grouping of impulses. 


These two errors work in opposite direc- 
tions. They frequently compensate each 
other to a great degree, giving a passable 
result—which may be the reason why 
duty cycle has worked as well as it has. 

Before undertaking the mathematical 
analysis of heating under intermittent 
load, let us get a graphical picture of the 
errors in duty cycle by studying the 
temperature reached when load is peri- 
odically applied and removed. 

Individual Hit Cycles. Figure 1 
shows two temperature-time curves for 
two single hit cycles of different durations 
but the same proportion of ‘‘on”’ time. 
Contrast the maximum temperatures. 
Both cases have 33.3 per cent duty cycle, 
and, according to conventional practice, 
are considered to impose the same service 
on the equipment—which they obviously 
donot. That is the first error. 

Groups of Hits. The second weak- 
ness concerns series of time patterns such 
as Figures 2, 3, and 4. For the simplest 
case (Figure 2, an on-off routine followed 
for an indefinite time), duty cycle may 
give nearly correct answers if used within 
proper limits. But Figures 3 and 4, 
which are more nearly typical of actual 
operation because of the rests between 
limited numbers of hits and groups of hits, 
is not so well adapted to duty-cycle 
calculation. 

The trouble in this case centers about 
maximum averaging time over which load 
is to be averaged when duty cycle is com- 
puted. The maximum averaging time 
assigned to each piece of equipment* is 
intended to reflect the lower temperature 
found under intermittent load in equip- 
ment having greater heat storage. This 
intention is correct in a general sort of 
way. 

But it is a chore to use, since it is 
necessary to draw a picture’of the welding 


* There seems to have been no definite method of 
specifying averaging time. One of the few state- 
ments in this regard is made by Pike and Ulrey,? 
in discussing the portion of electronic-tube rating 
that depends on temperature: “The period over 
which current is averaged must be short enough 
that the highest temperatures reached will not be 
in excess of that obtained if steady current equal to 
the average current rating is kept on continuously.” 
This really requires a different averaging time with 
each load pattern. ; 
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operation? and slide a maximum averag- 
ing time along the time axis to find t e 
part of the picture that includes the most 
“on” time within the maximum averaging 
time under consideration. i 

This limitation on averaging time not 
only is cumbersome, but gives inconsistent 
results. It is natural to expect that, as 
averaging time increases, duty cycle 
should decrease continuously. But it 
does no such thing! 

Figure 5 illustrates how duty cycle 
violates the preceding expectation for the © 
pattern of Figure 3 averaged over a wide 
range of averaging times. The values of 
duty cycle reach a minimum at multiples © 
of six seconds, stepping up erratically 
after each multiple, preparatory to a 
swoop down to the next. An interesting 
picture, but an absurd standard by 
which to rate expensive equipment. 

Summary. We _ have, therefore, 
grounds for questioning the whole duty- 
cycle procedure. In fact, we will see 
later that: 

1. Duty cycle may be inaccurate by large 
percentages even in the simplest cases, be- 
cause: 


(a). It does not account for the characteristics of — 
heating. 
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Figure 1. Duration of hits affects peak tem- 


perature, even though duty cycle is the same — 


Curves A and B show temperature rise on one 
piece of equipment for two cases where “on” 
time (indicated by black bars at the base) is 
one third of total time. Because of longer 
duration on B, its temperature rise is higher — 

than A 
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Figure 2 Timing of continuous hits 

The timing is described by “‘on’”’ time 0.25 
second, and either: 
(a). Off time=0.5 second 
(b). Total time (duration of hit cycle)=0.75 — 
second ; ’ 
(c). Rate of hits =80 per minute 
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(b). Its basic mathematical assumptions are cor- 
rect only in certain cases. : 

2. Duty cycle and its associated averaging 
time are meaningless, inasmuch as they do 


not properly account for grouping and 
series of groups of impulses. 


_ In addition, the duty cycle, even in 
cases where its poor assumptions are 
acceptable, can be justified only on the 
basis of maximum temperatures reached 
—tather than any weighted average such 
as has been found necessary in rating 
other equipment.4 At the present state 
of knowledge, this point is only academic 
in welding problems. 

Besides these scientific objections, 
there are some practical ones: cumber- 
someness of application; conflict between 
this use of the term, “duty cycle,” and the 
AIEE definition as applied to circuit 
breakers; as well as confusion in’ termi- 
nology between duty cycle and heating 
cycles consisting of so many (60th-of-a- 
second) cycles on and off. In an effort to 
clarify the situation, terms such as ‘‘per 
cent duty”? have been used. A change 
in nomenclature, however, is not enough: 
the procedure requires complete over- 
hauling. 


Duty Factor: Its Use and Meaning 
Fortunately, there is a duty factor 


that is not only easy to use, but flexible, 
consistent, and correct within engineering 


Figure 3. Timing of groups of hits 


Hits of Figure 2, with three-second rest after 

each group of four hits: that is, one group 

each six seconds. “‘Active’’ time includes 

four complete hit cycles, that is, 40.75 =3.0 
seconds 


Figure 4. Timing of series of groups 


Four groups of Figure 3 repeated every 

minute. This pattern is duplicated, starting 

at t=O, like a clock. “‘Active’” time=4~xX 
6.0=24 seconds 
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limits. This duty factor is the product of 
a hit factor and a group factor. The 
partial factors are found from some simple 
charts, the use and derivation of which 
will be shown. 


WORKING CHARTS 


In computing duty factor, the first step 
is to find the hit duty factor Fy, as though 
hits were being repeated continuously. 
This value may be found from either 
Figure 6 or Figure 7, depending on whether 
the problem is set up in terms of rest time 
or of total time or welds per minute. Sup- 
pose, for instance, that hits have 0.25 
second ‘‘on’’ time and 0.75 second total 
time (that is, they are made at the rate of 
80 per minute). Figure 7A shows that 


6 
SECONDS 


Figure 5. Duty cycle affected erratically by 
maximum averaging time 


For the load pattern of Figure 3, conventional 
duty cycle sometimes shows big changes (a to 
b) for small difference in averaging time used 
in computation; other cases (a to d) show no 
change for large difference in averaging time. 
Duty factor avoids this inconsistency 


the duty factor for this combination is 
0.33: the answer to the case of Figure 2. 
For Figure 3, a second step is taken. 

The second step is to find a group duty 
factor F, by taking the active time as 
equal to the number of Mts per group 
times duration of hit cycle. For ex- 
ample, with four of the aforementioned 
hits in a group, the active time is 4X 
0.75=3.0 seconds. Using this value, 
together with total time=6.0 seconds; 
we find from Figure 7B that the group 
duty factor is 0.55. 

The complete duty factor that measures 
the temperature to which the equipment 
will rise under this load, compared to 
what it would reach under continuous 
load, is F= /,F,=0.33 X0.55=0.182. 

A similar computation would be made 
if rest time were used instead of total 
time. That is, for the same pattern: 


1. For hits, we have ‘‘on” time=(0.25 sec- 
ond, rest time=0.5 second. From Figure 
6A, we find F, =0.338. 


2: For groups, ‘‘active” time =3.0 seconds, 
rest time=3.0 seconds. From Figure 6B, 
we find F,=0.55. 
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Figure 6. Rest time versus current “on” time 

versus duty factor, showing fraction of con- 

tinuous-load temperature rise reached when 
intermittent load is applied 


A. For short periods. In welding, this 
chart usually will be used for single hits, or 
for a group of hits in pulsation welding 
Time scales may be multiplied by any factor 
provided both scales are multiplied. Duty- 
cycle scale is not changed 
For the example given in the text, a straight- 
edge is placed between current ‘‘on’” =2.5 
(that is, 0.25 times a scale multiplier of 10) and 
rest time=5.0 (that is, 0.510). Straight- 
edge then intersects duty-cycle scale at 0.33, 

which equals Fh 
This chart may be used directly for equipment 
having other heating time constants, if periods 
do not exceed ten per cent of the heating time 
constant of the equipment involved 
B. For long periods. This chart is adapted 
to groups of hits when there is a rest while 
changing from weld to weld; or to series of 
groups when there is a long rest while work 
is being changed 
This chart is designed specifically for inter- 
leaved kickless cable, heating time constant= 
10 seconds. For other equipment, multiply 
time scales on chart by 10, and use them as 
(seconds duration (/) time constant in seconds) 
scales 
The group duty factor for the example in the 
text is obtained by placing straightedge be- 
tween three seconds on the ‘active’ time 
scale and three seconds on the rest time scale. 
The straightedge crosses duty-factor scale at 
0.55 


As before, complete duty factor is 0.33 
0.55=0.182. 

These results are for a light-duty kick- 
less water-cooled welding cable, since the 
charts are designed for equipment having 
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A. For short periods. Like Figure 6A, this 

chart is designed for fast welding operation. 

“On” time may be measured as either cycles 

or fractions of seconds, since the two scales 
on the “‘total-time’” axis are equivalent 


Time scales may be multiplied by any factor, 
provided both scales are multiplied by the 
same factor. Duty-factor scale is not changed. 
For the example in the text, place a straight- 
edge between 0.25 second on the left-hand 
scale, and 80 hits per minute on the right-hand 
scale. The “‘hit’’ duty factor is found to be 
0,33, where straightedge intersects the 
diagonal scale 


This chart, like Figure 6A, may be used for 


any heating time constant, if period does not 
exceed ten per cent of the time constant of 
the equipment involved 


a time constant of ten seconds which 
these cables normally have. For other 
equipment the same charts may be used 
by changing the time scales as instructed 
on the charts. 

This procedure would be carried one 
step further if there were series of groups, 
asin Figure 4. For instance, if after four 
groups there were an interval of 36 sec- 
onds, series multiplier F, would be ob- 
tained in a manner similar to the compu- 
tation for group factor. In this case, 
F,=0.84, making the over-all duty factor 
F= F,F,F,=0.182 X0.84=0.153. 

These answers may be compared with 
Figure 5. In this case the duty factor is 
near the lowest values of “‘duty cycle’; 
but this is not a generality—for in many 
cases the correct duty factor will exceed 

the duty cycle by a wide margin. 


MEANING 


The components of duty factor are 
measures of the temperature that would 
be attained if the corresponding cycle 
were to continue indefinitely. The effect 
of different degrees of continuity is illus- 
trated in Figure 8. Ifa given load were 
supplied continuously, temperature rise 
eventually would be 6,; if divided into 
hits, the rise would be only F;,6,. (Illus- 
tration is for pattern of Figure 2 applied 
to equipment having such thermal rela- 
tionships that under continuous load it 
takes one second for the temperature rise 
to reach one-half the ultimate value; the 
rate of rise for this load on ten-second 
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B. For long periods. This chart serves the 
same purpose as Figure 6B. It is also designed 
for kickless cable and is adapted to other. 
\ equipment by 
1. Multiplying time scales by 10 and using 
them as (duration per heating time constant) 
scales : 

9. Dividing the hits per minute scale by 10 
and using it as a (hits per minute times heating 
time constant in seconds) scale 
The example in the text is solved by a line be- 
tween ‘‘active’” time=3 seconds, and total 
tine=6 seconds, which indicates a group 
duty factor of 0.55 


Figure 7. Rate of welding versus current ‘‘on”’ 
time versus duty factor 


equipment is too slow to permit picturing 
in space available.) But if, instead of 
being repeated continuously, hits are 
broken into groups, the group duty factor 
tells that only F;,F,6, would be attained. 
Further, if there is a rest period between 


series of groups (Figure 4), we find that 


the temperature rises only to the fraction 
F, of F,F,6,. With this clue many com- 
binations of periodic on-off patterns can 
be calculated. 


Duty Factor: Derivation 


Basic EQuaTIONS 


Finding duty factor for any combina- 
tion of on-off cycles, really means to 
derive the maximum temperature under 
those circumstances. 

To do this, we start with the basic ex- 
equation for temperature 
change in a single transient. The diver- 
gence of this equation from actual heating 
and cooling curves has been aired thor- 
oughly in AIEE meetings’ and else- 
where,®7.8 but still it is the only practical 
starting point. In fact, so many kinds of 
equipment do follow nearly exponential 
tules that perfectly satisfactory calcula- 
tions can be made in many cases. 

The expressions that have been used in 
studying the heating of power transform- 
ers and other apparatus under heavy 
load are: 


For heating, starting from zero temperature 
rise, 0 =6,(1—e~™) (1) 
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Table |. Dynamic-Equilibrium Temperatur 
Rises 


One-Sixth Second 


Maximum Temperature Rise 
(Degrees Centigrade) - 


Hits Per Calculated by Calculated by 
Minute By Test Duty Factor Duty Cycle 


For cooling § =6,e ™ (2) 


where 


6¢=final temperature expected from the 
constant heat input 

6 = initial temperature at /=0 
@=temperature at any time ¢ 

k=0.6938T 


_ T=time required to produce half the 
ultimate temperature rise when load is — 
applied continuously. It is called the 
“binary heating time constant.”® The 
0.693 is simply inserted to make equations 
1 and 2 have the right values at the right 
times. 

For the present analysis, since heating 
curves seldom start at zero rise, we will 
use a more general expression* that 
covers both heating and cooling from any 
temperature (see Figure 9): 


6=0(1—e ™)+0,6 % (3) 


With this equation, we can find the 
maximum temperature rise in a given 
duty cycle, by expressing the end tem- 
perature of each successive curve in terms 
of its initial temperature. 


CONTINUOUSLY REPEATED CYCLES 


‘When a heating curve follows a cooling 
curve and vice versa (Figure 10), the 
initial value of each curve equals the final 
value of the other—that is, 0, for a heat- 
ing curve is @,, and 9, for cooling is Oy. 
Therefore, to find the temperatures at the 
end of the heating and cooling curves, 
we use these values for 6, in equation 3, 
inserting a for the ‘‘on”’ time and 0 for the 
“off” time. This gives 


After heating, 07 =0,(1— Poa Er fom (4) 


After cooling, 67, =6x67 f e (5) J 


* These equations assume that heat generated in 
the equipment is constant over the heating regime. 
This is a commonly accepted approximation for 
electric heating, close enough for most cases. When — 
change of resistance with temperature causes ma- 
terial change in heat loss, or where electrical tran- 
sients cause appreciable change in heat with time, a 
more refined analysis might be advisable. A 
partial solution, utilizing a variable time constant 
for the variable-resistance case, is made by Cooney? 
and Kennelly,5 for 6.=0. Ag 
Another assumption—common to all applications 
of the simple exponential equation—is that heat 
dissipated from the equipment is proportional to 
temperature rise and that the body is isothermal, 
Otherwise, the analysis is too complicated for 
engineering use.) : a 
Equation 3 has been developed in many forms. 
See, for example, reference 10. ae ; 
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To simplify the mathematical develop- 
ment and get usable working charts, we 
will express temperature rises as fractions 
of 0. Let 6,/0;=H, and 6,,/0;=L 
Then equations 4 and 5 become 


H=1—¢ **+Le * =1—¢-*0-2) (6) 
L=He® (7) 


We are now ready to consider the rise 
and fall of temperature as load is applied 
‘and removed periodically. If we keep 
the identity of each cycle (Figure 11), the 
initial temperature for the mth repetition 
of the heating curve is the final tempera- 
ture for the previous cooling curve, L,y_1; 
the initial value for that (n—1)st cooling 
curve is the high point on the (n—1)st 


heating curve, H,_;. Thus, 
B= e 4, Lie (8) 
eae ae (9) 


Then by combining equations 8 and 9, 
we find H,, the peak of one cycle, in 
terms of H,_1, the peak of the preceding 
cycle: 


H,= L— ted ye, ae Ne 


(10) 

Equilibrium—if that is the proper word 
to use when there is a constant variation 
over a repeated pattern—is reached when 
successive values of H and L are equal: 
that is, when we can drop the subscripts, 
Then, solving equation 10 for H, 


es —ka—kb (11) 
and 
l—-e 
L— 12 
gk eka (12) 


Hi is thus the duty factor F;,, for con- 
tinuously repeated hits, in terms of on 
and off time. To express this in terms of 
on and total times, we make the common 
(though debatable) assumption that k is 
the same for cooling and heating. Then 


e hag kb =e h(a+0) pla: 


and equation 11 becomes 
1 = e ke : 


f= eke 


(12a)* 


Group oF Hits 


_ Let us now solve for the high tempera- 
“tures, H, within a single group. (We 
omit low temperatures, because the high 
temperatures are generally used as a 
measure of the capacity of equipment. 


* If instead of on—off cycle, there is a high-low load 
cycle, 
Hal ~ka 4+ Pe-ka(1 —¢-kb) 
= 1 —e-hag—kb 
1—Pe-ke—(1—P)e-ka 
“a 1—e-ke 
1—e-ka+ P(e —ka —¢-kc) 
7 l-—e —ke 4 
where P is the ultimate temperature rise if the light 
load were applied continuously, divided by Of. 
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TEMPERATURE RISE 


Figure 8. Cutting welds into groups has 
important effect on temperature rise 


- The difference is measured by the duty factors 


derived in the text 


The effect actually is more marked than this 
drawing indicates, since to get the illustration 
within limited space, the “‘on’’ and “‘rest’’ 
times were made very long in relation to the 
heating time constant of the hypothetical 
equipment involved. This makes the tempera- 
ture reach its maximum after a few hits, whereas 


in the numerical example given in the text. 


the rise is so much slower that it takes six 
groups to reach 90 per cent of the final 
temperature 


If at any time it becomes advisable to 


‘specify an effective temperature involving 


maximum and minimum values and their 
relative durations, the treatment should 
be extended to include this effect.) We 


will find H, (Figure 11) by solving for 


each cycle in succession, starting with 
equation 8 to. get the first cycle in terms 
of an arbitrary L,, then using the relation 
of equation 10, with kc substituted for 
k(a+b). 

For the first hit, 
Hy=1—e"@+e"™L, (13) 
For hit 2, from equation 10 and 13, 


He=1 Set ara eT tepie MZ) 
= (1S eG eee FGM, 


For hit 3, from equations 10 and 14, 


(14) 


itae be [deo og 


aE | 


mi(lemer Dis ere t-her i 
aE OM 


=(1oe™)(1+e Me) + 
ar FORT gS) 
By continuing this process and compar- 
ing equations 13-15 and their successors, 
we can write the general expression 
@ 


ty 

Hy,= ar en) > ER ge vite: (n—1)¢) (16) 
m=0 

This can be reduced to a more usable 


form by letting a+-(n—1)c=d (see Figure 
11), and by taking advantage of the fact 
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that summation term is a geometric 
series starting with unity. The sum of 
such a series is (l=9")/ Cn). In this 
case the ratio between successive terms, is 
e™; and N, the number of terms to be 
summed, is”. Equation 16 becomes 


Ay, = (1—e7*) (1—e *™) /(1—e™) + 
Leet ae 


CONTINUOUSLY REPEATED GROUPS 


The relation that has been derived for 
temperature at the end of a group and 
that at its beginning permits us to link 
groups. Consider a time interval f be- 
tween groups (Figure 12), and use sub- 
scripts d and d+1 to denote the ends of 
the last hit in respective groups, with g 
and g+1 marking the end of rests between 
groups. 

Then at the end of the gth cooling 


interval, the low temperature is 
Liha (18) 


whereas during the active period of ee: 

next group, from equation 17, 

Ha+i= (er) ey) ee 
L,e ™ (19) 

If we substitute equation 18 into equation 

19, 


Hai = (1—e™) (1—e ™) /(1—e 4) + 
Hye“e™ (20) 


! 


Dynamic equilibrium comes between 
groups when A,g=Hg+:. Since this 
value is the ratio of maximum temperature — 
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Figure 9. Exponential heating or cooling 
curve 
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Successive high temperatures in 
groups of hits 


Figure 11. 
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Hg H+ 


TEMPERATURE 


Lo+l 


TIME 


Figure 12. High and low temperatures in 
successive groups 


rise under intermittent load to tempera- 
ture rise under continuous load, we may 
call it F, the duty factor. We find this 
by solving equation 20, and noting from 
Figure 11 that d+-f=g: 


alk (1 ve ean) (1 = eae) 


ra d—e™)(1—e"™) 2?) 


=FyF, 


Thus we have the complete duty factor. 
In computation, it may be thought of as 
having either two factors or four. If we 


- use two, as was done in preparing the 


charts of Figures 6 and 7, the first terms 
in numerator and denominator combine 
to give F;, the hit duty factor; the second 
terms give F, the group duty factor. Or 
the four values in parentheses may be 
taken from Figure 13 (or, for greater 


accuracy, from a modern table of ex- | 


ponential functions) and combined to find 
F. . 

This duty factor takes the place of duty 
cycle in the formulas for determining the 
periodic load that will heat equipment to 
its thermal limit. Thus, for example: 


F- Permissible watts loss under periodic 
load = permissible continuous loss 
/F: Rated current under intermittent 
load =rated continuous current 


Tests on Kickless Welding Cable 


The duty-factor theory has been sub- 
stantiated by tests that checked: 


(a). The reasonableness of the exponen- 
tial-rate-of-change assumption in the case of 
kickless resistance-welding cable. 


(6). The temperature at each peak during 
intermittent operation. 

(c). Dynamic equilibrium temperatures 
during periodic operation. 


The tests were run on water-cooled 
welding cables, which are convenient for 
this purpose because they are large 
enough to permit insertion of thermo- 
couples, and still they heat fast enough to 
give rapid tests. Kickless cables of the 
interleaved type (Figure 14) were tested 
in a public-utility laboratory, where 
facilities were available for intermittent 
loading at 21,000 amperes. The primary 


purpose was to find heat balance and 


local temperatures under various com- 
binations of current, cable shape and con- 
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Figure 13. Heating 
factor versus time 


Mes Cone 
BINARY TIME CONSTANT 


Wig" *'= 1H 


Values may be taken from this alignment chart, for solving equations 


90 or 21 


For values of x lower than 0.1, 1—e~” =0.693x 
That is the range in which ‘‘duty cycle’’ is accurate for continuous 


strictions, total water flow, and ratio of 
water between inner and outer passages. 
Transient and steady-state temperatures 
were read for a comprehensive selection of 
these variables. Then intermittent load 
was applied, several cases having long 
enough period to permit temperatures to 
be read after each hit (probably within 
two degrees centigrade). From these 
runs data were obtained for the checks 
previously listed. 


TESTS FOR EXPONENTIAL RATE OF 
CHANGE 


Figure 15 shows temperature-time 
curves for continuous load tests, with 
three different rates of water flow 
through light-duty cables. (Similar 
curves were obtained for heavy-duty 
cables, but are not needed for this dis- 
cussion.) The ordinate is really loga- 
rithm of (100 per cent temperature 
change), but is graduated directly in 


‘terms of per cent change. 


The fact that the tests produced these 
straight lines gives a sound basis for the 


Figure 14, Light-duty Rees kickless cable 
upon which tests were run 


The six component cables may be seen at the 
cut end. The three within the rubber sepa- 
rator are paralleled at the terminal cap, 
whereas the three outside the separator are 
paralleled in the base of the terminal 


A stream of water is directed down each 
cable, in.such volume as.to equalize the tem- 
perature between inner and outer cables. 
Temperature difference between wire and 
water is minimized by small sections of copper. 
Continual spiraling of cables assures water 
cooling near all points of contact between 
wire and rubber 


Thermocouples were placed in cables and at 

several points in terminals at water-outlet end 

of test cable. Temperatures given in other 
illustrations are hot-spot values 


Zucker—Rating of Electric Equipment 


hits ‘7 


use of the exponential expression in the 
section, ‘Duty Factor: Its Use and 
Meaning.” 

The binary heating time constant is 
read from each curve: it is the time at 
which the line crosses the 50 per cent 
temperature value. Although further 


tests may refine the time constants, it 


should be remembered. that they do not 
radically affect temperatures under peri- 
odic load. That is, a ten per cent differ- 
ence in time constant means at most a 
two or three per cent change in duty fac- 
tor. 


The data for Figure 15 were chosen 


because of their connection with the inter- 


PER CENT TEMPERATURE CHANGE 


20 30 
SECONDS 
Figure 15. Heating curves for light-duty 

kickless cable 
Each line represents a different rate of water 
flow through the cable 


PER CENT TEMPERATURE CHANGE 


20 
SECONDS id 


Figure 16. Heating and cooling curves for 
same water flow 


For very accurate computations of duty factor, 
the difference between heating and cooling 
time constants may be recognized. In such a 
case, Figure 6 is more readily used than is 
Figure 7 : 
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mittent load tests, but they are repre- 
sentative of most results. Certain other 
data were not so accommodating, how- 
ever, and there is some indication of 
curvature in the early parts of many tests. 
More work needs to be done on this mat- 
ter, if only to determine accurate time 
constants for various conditions. 

A point that may be important is the 
difference between heating time con- 
stants for heating and for cooling. In 
Figure 16, companion heating and cooling 
curves are shown. There is a noticeable 
difference, which seems to be consistent 
in all tests: cooling time constant is 
some 20-40 per cent less than heating 
This may be caused by a combination of 


1. Variable losses in the cable due to in- 
creasing resistance as the wires heat. 


2. The effect of difference between, water 
temperature and copper temperature. 


3. The transfer of heat along the cable as 
the water travels through it. ' 


Strictly, this means that the cooling 
curves in Figures 8-12 should drop 20-40 
per cent faster than they do. 

For the present, however, this may be 
neglected, and the heating time constant 
may be used for both heating and cooling. 
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Figure 17. Test versus calculated hot-spot 

temperatures on light-duty Rees 267,000- 

circular-mil cable carrying 21,000 amperes 

for one-sixth second, at rates indicated on 
j chart 


Then ratings obtained for a given duty 
cycle will be conservative, since the 
calculation will not take account of the 
faster rate of cooling. 


PEAK TEMPERATURES AT START OF 
PERIODIC HEATING 


In one set of tests on a light-duty 
cable, hits of 21,000 amperes 1/¢-second 
duration were applied at the rate of 3, 6, 
and 12 per minute. In each case the 
temperature rose and fell according to the 
general pattern of Figure 11: and the 
high temperatures after each hit should 
follow equation 17. Test and calculated 
temperatures are compared in Figure 17, 

Similar results were obtained when the 
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THREE HITS PER MINUTE SIX_HITS PER MINUTE 


TEST  GALCUL ATED TEST, «CALCULATED 
MAX By Duty By Duty By Duty By Duty 
TEMP Factor Cycle Factor Cycle 
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15 
10 c 
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Figure 18. Comparison of test and calculated 

temperatures on kickless cable carrying 21,000 

amperes, current ‘‘on’’ time one-sixth second, 
at welding rates noted 


rate of hits was changed without inter- 
mission, from three to six hits per minute. 


DyYNAMIC-EQUILIBRIUM TEMPERATURES 


Of the three tests discussed, two were 
continued until successive peaks had 
equal values. In Table I these tests are 
compared with temperature rises calcu- 
lated by both duty-factor and duty-cycle 
methods. (The theoretical temperature 
rise for 21,000 amperes, found by methods 
beyond the scope of this paper, is 760 
degrees centigrade.) 

Since maximum averaging time for the 
cable is not known, duty-cycle computa- 
tions were made for one hit cycle. If the 
averaging time were one-sixth second 
longer, the temperatures in the last 
column would be practically doubled, 
emphasizing the arbitrary nature of duty 
cycle and averaging time. 

Figure 18 shows the tabulated results 
graphically. The agreement between 
test and duty-factor results is in marked 
contrast to the discrepancy found in 
“duty cycle.” 


Conclusion 


By means of the simple charts derived 
from the duty-factor method of rating 
under periodic load, savings can be made: 


(a). In designing new equipment. 


(0). In applying new loads to existing 
equipment. 


This is in line with engineering trends to 
load everything to full capacity, but not 
beyond. » 

The accuracy and easy application of 
duty-factor method recommend it for 
adoption, in conjunction with the heating 


‘time constant, as a statidard method of 


rating equipment subject to intermittent 
loads. 
Appendix 


To use this duty-factor principle on other 
equipment, it is necessary to know the heat- 
ing constants. Little has been published on 
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this subject. The following have been 
taken principally from the papers listed in 
reference 4: 


Power Transformers 


Megavolt- Time Constant 
Kilovolts Amperes (Binary) (Hours) 

IS eam Ly Prieiat srafesarnotaant 1 War 4 

Cr Beane t 8-20) cao ccsseeee 1.9 

69. sheckione 2), Biz ayetevete’etolateres 3.0 

69 ov. eae 5-33): 6s assis a's 2k 
MUO asec Dy bia greisacantetete 2.6 
OS! wy st sepeetaone 2.2 

VESteee ec cee 2 S=20 Ne ere e's.c ols 3.0 

33), dM ASralger dee ee 2.5 

Motors 


One horsepower—23 minutes‘> 


One-half- to five-horsepower general-purpose in- 
duction—for heating 7 minutes—for cooling 35 
minutes.4¢ 


Thirty horsepower, three-phase six-pole induction, 
500 rpm, 440 volts, 25 cycles—30 minutes.5 


Fifty horsepower, direct current, four pole, 1,075 
rpm, 230 volts—21 minutes. 


Ignitron 


Small water-cooled ignitron!“—16 seconds. 
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Tests of 230-Kv High-Speed Reclosing 
Oil Circuit Breaker ep 


A. C. SCHWAGER 


MEMBER AIEE 


Synopsis: The advantages of high-speed 
reclosing of transmission lines in 20 cycles 
or less are well established for voltages up 
to138kv. Up to this date little information 
is available however on reclosing 230 kv 
lines in 20 cycles or less, because breakers 
have not been available for such fast opera- 
tion. This paper describes a 230-kv oil 


_ circuit breaker which is suitable for three- 
pole or single-pole reclosing with a reclosing. 


time of less than 20 cycles. The performance 
of the breaker is established by field tests 
for high-speed-reclosing operation as well 
as for interruption of charging currents. 


N the late 1920’s, the increasing demand. 


for fast-clearing circuit breakers 
brought forth the development of various 


types of modern arc-rupturing devices. 


 Amiong others, there was developed the 


expulsion-chamber arc-rupturing device’ 
which now is in satisfactory opera- 
tion in thousands of breakers. The 
theory of expulsion action and the per- 
formance of the expulsion-chamber break- 
ers have been reported on frequently. 
Test on a 115-kv system showed arcing 


‘times of approximately 11/2 cycles at 


short-circuit capacities ranging up to 
1,650,000 kva.! Tests on a 230-kv sys- 
tem showed arcing times of approxi- 
mately 2.5 cycles at ratings up to 1,125,000 
kva.2 In the middle 1930’s the prac- 
tice of high-speed reclosing was intro- 
duced and is now widely accepted. In- 
terrupting capacity tests performed on a 
69-kv system showed that the expulsion- 
chamber arc-rupturing devices gave ex- 
cellent performance in conjunction with 


’ high-speed-reclosing operation.* Follow- 


ing the demand for still shorter opening 
time, more recently five-cycle breakers 
have come into wide use. On highest 
voltages, particularly in conjunction 
with switching of long lines, the use of 
three-cycle breakers frequently is indi- 
cated. 

Finally the method of single-pole re- 
closing on highest voltages in recent 
years has attracted considerable atten- 


Paper 44-192, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 1, 1944; made available for printing 
July 11, 1944. 


A. C. ScHWAGER is vice-president of the Pacific 
Electric Manufacturing Corporation, San Francisco, 
Calif. 

The author acknowledges the assistance of the engi- 
neering and operations departments of the Bonne- 
ville Power Administration in the performance of 
the tests described in this paper. 
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tion. Because of the wide distribution of 


-230-kv systems, it was therefore decided 


to subject a modern five-cycle high-speed- 
reclosing 230-kv circuit breaker to field 
tests, to analyze its performance generally 
and in particular with regard to the 
possibilities of developing a three-cycle 
breaker. Furthermore, it was hoped that 
the data would enable the drawing of 
conclusions as to a decrease in tank di- 
ameter, oil volume, and resulting reduc- 
tion in cost. Through the courtesy of the 
Bonneville Power Administration, the 
North Bonneville Substation and four 
generators of the Bonneville power house 
were made available for these tests. 


Description of Breaker, Operating 
Mechanism, and Test 
Connections 


BREAKER 


The breaker tested consisted of a single- 
pole unit of a 196/230-kv circuit breaker 
with its high-speed-reclosing mechanism. 
Figure 1 shows a cross section through the 
breaker, which consists of six expulsion 
chambers arranged in series supported 


Figure 1. Cross-sectional view of the expul- 
sion oil circuit breaker 
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type; its operating linkage correspo: 


—_ 


by the bushings. The movable blz 
are fastened to a vertically rotating 
bakelite tube. These blades move a 
speeds up to 28 feet per second, and th 
fore rapidly introduce a large break d 
tance. The expulsion chamber resem 
an explosion chamber; however, it r: 
cally differs in its action in that | 
moderate pressures are developed beca: 
of the provision of an expulsion port to 
the rear of the chamber. As previously 
explained,! the gases are accumulated 
produce a more effective gas blast duri 
the period of interruption. The oil v 
ume within the chamber is kept small 
order to prevent interference of large 
bodies of oil with the free escape of gases. 
However, an amount sufficient for mul- 
tiple interruptions is provided. Figure 
shows an expulsion chamber during 1 

various stages of breaker opening. 


OPERATING MECHANISM 
The operating mechanism is of 
motor-wound spring-actuated trip- 


to that of a solenoid control in which 11 
closing coil and plunger are replaced 
a prewound closing spring. When 


C. Oil in expulsion port practically re= 
moved. No gas-blast action 


D. Expulsion port cleared. High-velocity 
gas blast through the arc j 


y 


t q 
Figure 2. Operation of expulsion chamber 
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breaker is in the closed position, the 
closing spring also is wound and in case 
‘of opening of the breaker is available 
immediately to initiate the reclosing 


operation. Figure 3 shows the control 
“applying to the breaker under test, the 
largest one of a line ranging from 7.5 
to 230 kv. Figure 4 is a schematic dia- 
gram of the sequence of operation. The 
mechanism power is transmitted'through 
a horizontal rotating shaft to the indi- 
vidual breaker poles and in each is trans- 


formed into the vertical breaker-shaft | 


motion by means of a bevel link, which 
provides a toggle in the closed position, 
assuring perfect contact at all times. 
During the opening or closing opera- 
tion each blade provides a break of 24%/, 
inches, the total with six breaks amount- 


ing to 148'/.inches. During the reclosing 


operation the blades open to the full dis- 
tance of 24%/, inches each, insuring re- 
liable and unimpaired performance dur- 


L 


Figure 3. Opefating 
mechanism 


ing the first opening of the series. This 
feature is made possible by the high speed 
of blade travel. In order to obtain data 
concerning the required blade speeds for 
five-cycle and possibly three-cycle break- 
ers, the test-breaker operating mecha- 
nism was provided with various spring 
combinations, giving opening velocities 
of from 18 to 28 feet per second. When 
connected to a three-pole breaker, the 
opening time (trip coil energized to arcing 
tips separate) amounts to 2.5 cycles or 
less; however, because only one pole was 
tested, a reduction in initial spring 
pressure was made, increasing the open- 
ing time to approximately three cycles. 
The reason for this is that the accelerating 
forces upon the trip levers also are re- 
duced, increasing the time for the blades 
to proceed to the stationary-contact 
arcing tips. This deviation from three- 
pole oil-circuit-breaker conditions was 
of no consequence since the primary pur- 


pose of the test was to obtain arcing-time 
data. Opening times are determined 
readily by factory tests. 


TEST SETUP 


System connections and power sources 


1. Single-phase short - circuit - to - ground 
opening and reclosing tests: two or four 
60,000-kva generators feeding through trans- 
formers of corresponding kilovolt-amperes 

~ over one mile of 230-kv line. Voltage-re- 
covery rates regulated by switching on or 
off 133 miles of 230-kv idle line. 


2. Interruptions of line-charging-current 
tests: The 230-ky system charging 1383 
miles of 230-kv line. Tests were single pole, 
the other two phases being opened a few 
cycles before, simultaneously, or a few — 
cycles after the test oil circuit breaker. 


Equipment 


A seven-element magnetic oscillograph 
was used to record all 60-cycle data, and 
the oil-circuit-breaker arc-tip position 
and opening travel. The are-tip indicat- 
ing contact was mounted directly on the 
oil-circuit-breaker rotating unit, eliminat- 
ing any backlash and having entirely 
negligible deflection due to inertia effects. 
Switching voltages were measured by two 
methods. A sphere gap connected 
through a capacitance divider to the bush- 
ing capacitance tap, or a cathode-ray 
oscillograph similarly connected and fed 
through a concentric line. The latter 
was calibrated by over-all tests between 
one megacycle and 60 cycles and showed 
negligible distortion and attenuation in 
this range. 


Breaker Tests 

Tests were conducted during December 
1943 and January 1944, Table I gives 
data on open and high-speed open—close— 
open shots. 

Tests 1, 2, and 8 establish an arcing 
time of 1.8 cycles maximum for current 
values of around 870 amperes. Since the 
breaker rating of 2,500,000 kva corre- 
sponds to a rated interrupting current of 
6,300 amperes, it can be seen that the 
breaker is capable of interrupting short- 
circuit currents considerably below 25 
per cent maximum rating with an aver-— 
age arcing time of but 1.2 cycles. 

Tests 13, 14, and 26 establish a maxi- 
mum arcing time of 1.4 cycles for cur- 


Table |. Short-Circuit Open and High-Speed Open—Close—Open Tests 


Kv to Opening Total De- Kva 
Test Number Ground Number of 133 Miles Speed, Rms Time ) ener- Interrupted, Cold Gas, 
December 19, Before Test; 60,000-Kva of 230-Ky Ft Per Amperes to Arcing gized Equivalent Generated 
20, 1943 Duty Cycle Phase C Generators Line Sec Interrupted Clear Time Time 3 Phase Gallons 
0 aR are Oe Cate (0, Gane ARON By 25 SORT octets Day «ofthat dovets ONG Reser ie Bote ters SHOe yas... S's Qieiaroestere AO ont albino: wins ceisie eke 364,000 ....No record 
ees Fen ets Orne Firs Si yisne oped hee fare TA Te excasye siemens PM ca loyepaten sn ea Ons sera 2B a Gi SLOmiarces cy One dts As Sie, hos Siesede, bus eee 375,000 ....0 
Scere a 40 ois nets 0) ate SRAM Woo ari pe ce 1: ee ie ico | REPOS orice diay a ON y cmeutiate so: LO siahponaite STOR re where Dian perk Da Tictaleiate wheres sarees a 375,000 ....0 
Dede teeter Ops cicay estes CIR in Stree meme tes UE Na aro. au AEROM a. esata Oi tatete:s ZS cntetae ee ME OSEO), Ste is ee eh Deke: Rit yeti ons aye a's 766,000 ....1'/s 
Oe eran Paces Cpe (Oi-at. RRSP RcvOea a yor DS ae' Aicdereterav aight AF. -cricrale, heft Off. sha. « DR eraaeytars 1860) iran 3 yO Dear 1 a Bd cere BME Cen pee wants Ye 
lst opening ...... IES eters ext) steve ay fo pe Ara eR Pa CHES faves. « OA RO IRR 1,900 A One VSG sae ore eet i Baers i 
hie a ae OOM cares ee ace Beh hy Of in .. mle en {070k . ae Gus. Gate 12.87 EOD 2 
sak 
All times are in cycles at 60 per second. O—Open. OCO—Open-close-open, 
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@ Table Il. 


Single-Phase Line-Charging®Current Interruption Tests 


Line Kilovolts to Ground 127 to 130 Rms Amperes from 70 to 105 


Backup OCB Phase 


——— aaa 


Ratio of Phase C 
Maximum Voltage to 
Normal Crest— 
Does Not Exceed 


Test Resistors A and B Open 5 
Number Opening Across Before or After Cycles Number By a y i 
and Speed, Expulsion Phase C of Test of of Cathode-Ray par) 
Date Ft Per Sec Chambers OCB, Cycles Arc Restrikes  Oscillograph Gap 

December 
19, 1943 « 
| eee pa ena) RRA Movs tise O22) Beforesey. cep LO) ele oes 1 
Me te Dea ciel scolar. NOvscane eee 8.8 after ....... OO) rereeysaye 1 
1 ee osen a CE OOF cartes cit NO Sf acken ss L021 before. reacts Oberlin a 30 1 
ote lade cas DSR ete eis tere de INO) Seneca take LES before. 47.0.6 OTA Lc. eee 0 
AD: Seaieiers 2S wade aS als ING: .oahokerate f EL e 2 UDeLOLCssreisls TEAL terete 1 
ZO Pec eclaxs Pr ae she eee INIOP ies seein ai enue 0.7 before....... Vee) Boe and 2 
Dall arene sie OY ee ARES OD BNO eyeReeutnd evace 1.3 before,...... D2 aah svete 1 
Da a ctdels ‘ate OT ter fatats ING cist Soreres'~ 3.4 before....... tee rs ainic a0 1 
ei Nn lace QS PRE a tushi ING: ern tects Litbeforesi. 5.6 LE 2 ieater a cists 1 
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All times are in cycles at 60 per second. 


rents above 25 per cent of full breaker 
rating for operating speeds as low as 23 
feet per second. Since no lines were con- 
nected during these tests, the rates of rise 
of recovery voltage were high, and the 
tests represent a condition more severe — 
than can be expected during normal 
operating conditions. The maximum cur- 
rent interrupted is considerably below the 
rated interrupting current; however, pre- 
vious published tests on a 115-kv system 
up to 10,000 amperes have established the 
fact that the arcing time decreases with 
increasing current. This decrease in arc- 
ing time is due to the fact that higher 
currents generate gases at an increased 
rate, producing a more effective gas-blast 
action. Important loads precluded the 
possibility of tests including the entire 
system. However, since the performance 
of the expulsion chambers at higher cur- 
rents is so well established, it may be 
assumed that such tests could not but 
conform. 

Test 26 represented by oscillogram, 
Figure 5, gives performance under high- 
speed-reclosing conditions. The reclosing 
time amounted to 17 cycles, the de- 
energized time to 13 cycles. The first 
interruption occurred with an arcing 
time of 1.4 cycles, the second one with an 
arcing time of only one-half cycle. 

Much effort has been spent in recent 
years to produce rupturing devices for 
high-speed-reclosing oil circuit breakers 
with the purpose of reducing the arcing 


e 
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OCB—Oil circuit breaker. 


time of the second interruption to that of 
the first one. In considering the expulsion 
chambers, it could be assumed that a 
definite amount of time is required for the 
chamber to recover its interrupting abil- 
ity. However, since these chambers are 


operating on the gas-blast principle and 


require but a small amount of oil for each 
CLOSING COIL 
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it can be anticipated that the ch 


‘C. Closing 


0.C.B. 
SHAFT 


interruption, and since a liberal a 
of oil is present in the expulsion cham 


requires no recovery time at all. 
assumption is verified by the short 
time of only one-half cycle during t 
second opening. 

During all the aforementioned 
the vent pipe was completely closed off t 
a deflated paper bag. The amount 
inflation of this bag represents a simp 
means of approximating the volume 
gases produced during each interrupt: 


: " 
Figure 4. Operating-mechanism linkage 
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opening link which resets as soon as pin 
has cleared prop and pawl on closing 


D. Second opening a 
Breaker oper as in Hg pi aie hie SX 


ee g sprig 


When breaker is closed and remains ale 
motor again turns crank one revolut : 
bringing control to original position, Figur 

4A, ; 


‘ELEcrricaL ENGINEERING © 


DEENERGIZED 


>~ 
u 
MH 
me 
8 
= 
rs 


vu 2 8 @& 
= 8 0 
> Oo 
ae xe 
@ OO 
ee. 
EuUN 
-s 2 
"IN Dy = 
7) 
e2es 
yo & 
ir ot u 


NOVEMBER 1944, VOLUME 63 


Figure 6. Magnetic oscillogram of charging- 
current interruption, test 15, December 19, 


1943 


As can be seen from the last column 
of Table I, the maximum amount 
was 1!/, gallons. The inflation of this 
paper bag was the only visible evidence of 
the interruption; no disturbance was 
noticeable during any of these tests. 


Charging-Current-Interruption 
Tests 


During these tests, one phase of a 
three-phase line charged by the sub- 
station bus was opened by the test 
breaker; the other two phases were 
opened a few cycles before, simultane- 
ously, or a few cycles after by a station 
breaker. ‘ 

It has been recognized for a long time 
that the interruption of charging currents 
of long transmission lines represents the 
severest duty that can be imposed upon 
a circuit breaker. The theory of re- 
strikes and the subsequent building up of 
high overvoltages has been reported upon 
in detail’ and requires no further dis- 
cussion here. Recent investigations show 
that breakers equipped with most modern 
arc-rupturing devices can produce over- 
voltages in excess of 41/2 times normal 


‘voltage, because of multiple restrikes, 


and that these voltages can be reduced 
to harmless values of twice normal voltage 
by the provision of resistances across the 
interrupting devices. 

Accordingly, parallel resistances of 500 
ohms were built for‘installation across 
each of the sixexpulsion chambers. Tests 
were performed with and without resist- 
ances; in addition, the opening speed was 
varied. Table II gives the results of 
the charging-current-interruption tests. 

Of interest is the very short arcing time 
without use of resistances and its in- 
crease with decrease in opening speed. 
At 28 feet per second speed, without re- 
sistances the number of restrikes was 
limited to one, at 24 feet per second two 
restrikes occur in one case out of 5, and at 
18 feet per second the maximum number of 


Schwager—Oul-Circuit-Breaker Tests 


te (PE) 
ee eee 
‘ 


I a: 


Travel Indicotor (PE) 


restrikesamountsto3. Resistances elimi- 


nate the restrikes except for small 


suppressed restrikes, but result in an 


/ 


increase in effective arcing time to values. 


as high as 3.3 cycles against a maximum 
time without resistances of two cycles. 
Voltage measurements by cathode-ray 
oscillograph and spark gap show a maxi- 
mum possible value of 1.36 times normal 
voltage. No voltage records were taken 
during the December 19 test; however, 
since the highest voltages are likely to 
occur at the lowest operating speeds and 
corresponding maximum number of re- 


strikes, it is felt that the omission is not 


important. The behavior of the expul- 
sion chamber in interrupting charging 
currents in such short times without the 
use of resistances or other auxiliary de- 


vices seems to justify a detailed study of 


the causes of this unusual performance. 
Considering the mechanism of genera- 
tion of overvoltages by the restrikes, it 
may be proved that to prevent such over- 
voltages the reignition voltage should be 
less than the normal line-to-ground volt- 
age. Since the voltage builds up to the 
normal: value within one-quarter cycle, 


the current-zero period should be one- 7 


quarter cycle or less. Only those restrikes 
in which the current-zero interval exceeds 
one-quarter cycle will cause overvoltages. 
Numerous successive delayed restrikes 
with current-zero intervals of less than 
one-quarter cycle are therefore harmless, 
as is evidenced by operating experience 
on numerous plain-break breakers known 
not to produce harmful overvoltages. 

An arce-srupturing device therefore 
should have a very low dielectric-re- 
covery rate, permitting restrikes within 
less than one-quarter cycle after current 
interruption until such time that the 
device is capable of withstanding full 
voltage. Since in the gas accumulation 
period, the expulsion chamber constitutes 
a plain-break switch and since in the 
low-current range this period amounts to 
approximately one cycle, an early and 
harmless restrike can be expected. After 
this period the gas-blast action starts and 
causes final interruption of the arc at the 
next current zero. 

Figure 6 shows an oscillogram of the 
interruption corresponding to test 15, 
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December 19, at a speed of 28 feet per 
second. A restrike occurs in less than 
one-quarter cycle after the first current 
zero to be followed by final interruption. 
Similar performance with not more than 
one restrike was obtained on all inter- 
ruptions with a speed of 28 feet per sec- 
ond. Opening speeds of 24 feet per second 
as shown from test 20, December 19, 
can produce two restrikes of which the 
second one can be preceded by a zero- 
current interval in excess of one-quarter 
cycle. However, even if the delay 
amounts to the critical one-half cycle 
period, the theoretical voltage cannot 
exceed three times normal line voltage. 
Actual voltage measurements during 


‘ operations with opening speeds as low as 


18 feet per second and a maximum of 
three restrikes did not indicate any ap- 
preciable overvoltage. 

The expulsion-chamber breaker, when 
operated with speeds above 24 feet per 
second, interrupts charging currents with- 
out producing overvoltages. 
at lower speeds, although theoretically 
capable of producing overvoltages of 
three times normal, does not produce 
harmful values. 


Conclusions 


1. The expulsion-chamber rupturing de- 


vices are capable of interrupting short cir- 
cuits on a 230-kv system in less than 1.5 
cycles, making expulsion oil circuit breakers 
having an interrupting time of considerably 
less than five cycles a possibility. 


2. Successive interruptions during high- 
speed-reclosing operations with only 13 
cycles de-energized time are handled without 
difficulty by the expulsion chamber. 


3. The expulsion chambers are suited 


ideally for the interruption of charging cur- 
rents. The arcing times are small, and no 
harmful overvoltages are produced. Paral- 
lel resistances can be applied to expulsion 
chambers; however, they produce no im- 
provement in performance. 


4. The motor-wound spring-actuated oper- 
ating mechanism produces reclosing speeds 
not heretofore reached and permits full 
opening of the breaker during all reclosing 
operations. 
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Operation | 


Operation of Low-Pressure 


Gas-Filled Cable 


C. T. HATCHER 


_. MEMBER AIEE 


INCE 1938 low-pressure gas-filled 

cable has been the source of con- 
siderable discussion before meetings of 
the Institute and other technical asso- 
ciations. Papers presented by Shanklin 
in 1939! and 1942? and an unpublished 
paper by Del Mar and Gambitta in 1943 
discussed the theoretical aspects of a 
cable utilizing gas as pressure medium 
and presented extensive laboratory test 
data on the expected life of this type of 
cable. From these data it was indicated 
that if low-pressure gas-filled cable is 
operated at an average stress of less 
than 75 volts per mil and at a minimum 
gas pressure of ten pounds per square 
inch satisfactory operation may be ex- 
pected. 

Theories and laboratory test data are 
not always sufficient to establish a fact 
and they should be substantiated by 
actual field data whenever possible to 
prove the theory. It is intended in this 
paper to present factual data on the 
actual operation of low-pressure gas-filled 
cable of various types on the system of the 
Consolidated Edison Company of New 
York, Inc. Operating experience data 
in the report are divided into (1) sheath 
experience and (2) electrical quality of 
the insulation of cable removed from 
service. 


History of Installation 


In view of the satisfactory operation of 


oil-filled feeders installed in 1927 and 
1929 where for the first time complete | 


sheath supervision was obtained, it 
seemed apparent that if supervision could 
be maintained over the lead sheaths of 
solid-type cables a large percentage of 
electrical failures could be eliminated. 
The low-pressure gas-filled cable de- 


scribed by Shanklin in his 19391 paper 


appeared to offer a satisfactory solution 
pee ene te Se i) ress 


Paper 44-134, recommiended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manuscript 
submitted April 12, 1944; made available for print- 
ing May 19, 1944. : 
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to this problem of sheath supervision, for 
feeders operating at medium voltages 
such as 15,000 volts and 27,000 volts and 
in addition appeared to provide great 
stability against ionization. With thi: 
type of cable, positive pressure could be 
maintained within the cable thereby re- 
ducing the possibility of water enterin 
the cable in the event of sheath or joint 
defects and providing a means of indi- 
cating when sheath or joint defects oc- 
curred. 
In order to obtain information on actual 
field operating conditions there was in- 
stalled on the Consolidated Edison sys- 
tem during the year 1938 approximately 
20,000 feet of three-conductor 800,000- 
circular-mil 15,000-volt low-pressure gas- 
filled cable.. The operation of the initial 
1938 mstallation was followed closely in 
the field and the results obtained ap-- 
peared to check factory laboratory re- 
sults. To obtain additional information 
on this low-pressure gas-filled cable at 
TERMINALS 
SINGLE-CONDUCTOR 
2,500,000-CIR-MIL 
THREE-CONDUCTOR 
800,000-CIR-MIL | 


‘THREE SINGLE-CONDUCTOR 
750,000-CIR-MiL. 


GAS 
SUPPLY 


Figure 1. Typical installation of gas-filled 
cable at generating stations 


Connection of single-conductor to three- 
conductor cable 
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Figure 2. Typical installation ‘of gas-filled | 
cable at generating stations q 
Connection of gas-filled to solid-type cpleg 
ELECTRICAL ENGINEERING 


ean 


TERMINAL 


434-3 


THREE-CONDUCTOR CABLE 


SPIRAL METAL TUBES 


Figure 3. Connection of solid-wall tubing to 
joints and terminal 


higher operating voltages, there was in- 
stalled during 1939 approximately 8,000 
feet of three-conductor 500,000 circular- 
mil 27,000-volt cable. : 
The construction program for the year 
1940 involved extensive feeder rearrange- 
ments around several generating stations 
and the installation of additional 27,000- 
volt feeders between generating stations. 
The information which had been ob- 
tained from the 15,000-volt cable. in- 
stalled during 1938 and the 27,000-volt 
cable installed during 1939 indicated 


that the low-pressure gas-filled cable — 


would be a desirable type of cable for 
the new cables required at he generating 
stations as it was desired to obtain cables 
where supervision could be maintained 
over the lead sheaths. The cables re- 
quired for station lengths at the generat- 
ing stations were of the single-conductor 
type so as to obtain phase isolation in 
accordance with our standard practice 
in generating stations. The cable manu- 


-facturers were approached at this time 


as to the possibility of obtaining single- 
conductor low-pressure gas-filled cables as 
all of the past experience had been ob- 
tained on three-conductor gas-filled cable. 
Agreement was reached on the type of 
single-conductor cable to be used for 
low-pressure gas-filled cables and our 
requirements for the feeder rearrange- 
ments at the generating stations were 
purchased as low-pressure gas-filled cable. 

All of the low-pressure gas-filled cable 
installed on the system between 1938 
and 1940 was in relatively short runs, the 


Figure 4. Provision of gas space in single- 
‘conductor cable by use of fluted lead sheath 
or button-embossed spacer tape 
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Table |. Cable Operating Under Nitrogen 
Pressure (13 Pounds Per Square Inch) on 
System of Consolidated Edison Company of 
New York, Inc., and Affiliated Companies 


Cable Feet as of June 1, 1944 


Size 


? 

Number Thousands 

of of Rated Voltage 
Con- Circular oS See 

ductors Mils 27 Ky 15 Kv Total 
1 eS DO aye aerteblaciads 1,100. 1,100 
eytaterat ions 1,000),.0..5. 9,650. .30,000. 39,650 
Leete tet 2;500s.5.09 1,500.. 7,400 8,900 
Sicas sislsicis 500 nies B8iO25 25 av ab euasoavis 38,625 
Alot ar ciaiens BOO) sviretusipra sass ave 49,800 49,800 


49,775. .88,300....138,075 


maximum length being approximately 
two miles. Runs of this length pre- 
sented no serious difficulty in maintaining 
proper gas pressure along the entire run 
of cable with one point of supply. In 
1941 it was decided to install a feeder 
from one of our generating stations toa 
substation approximately six miles away. 
Three-conductor 800,000-circular-mil 15,- 
000-volt gas-filled cable was purchased 
and installed for this feeder and a single 
point of supply was provided for main- 
tenance of gas pressure. 


Types of Cable and Cable 
Arrangements 


As of June 1, 1944, the total amount of 


‘low-pressure gas-filled cable installed on 


the system is as shown in Table I, 

As indicated in Table I several sizes 
and types of cables have been used. In 
general it has been necessary to use 
several different sizes of single-conductor 
cable at generating stations in order to 


‘make optimum use of existing ducts, to 


obtain space for terminations, and to 


4194-5 * 
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BUSHING 


TO GAS SUPPLY 


Figure 5. Three-conductor compound-filled 
‘terminal for use on gas-filled cable 
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utilize existing solid-type cables. No 
difficulty has been experienced in using 
gas-filled cable for paralleling lengths 
of cable, connecting a large single-con- 
ductor cable to several smaller cables, or 
connecting to solid cables. Typical in- 
stallations of gas-filled cable at generating 
stations and connections to solid cable are 
shown on Figures 1 and 2. 


Method of Installation 


The three-conductor cable which was 
installed during 1938 was manufactured 
with three spiral tubes in the interstices. 
Due to oil drainage from the paper in- 
sulation, oil slugs were formed in the 
spiral tubes causing partial blockage of 
the channel spaces and preventing free 
flow of the nitrogen gas along the entire 
length of the feeder from the one point 
source of supply. On all subsequent 
three-conductor cable which has been pur- 
chased, a solid-wall copper tube for one 
of the three gas channels has been speci- 
fied. This solid-wall tube is connected 
into each joint in a manner which pre- 
vents the entrance of cable compound 
into the tube and supplies a point of 
feed to the cable as shown by Figure 38. 
This method provides a gas supply mani- 
fold along the entire route of a feeder 
since the source of gas supply, namely, a 
cylinder of nitrogen, is connected to a 
terminal or joint where the solid-wall tube 
ends. This type of construction provides 
continuous supply of gas to every indi- 
vidual joint and tends to maintain uni- 
form pressure along the line. 

In single-conductor gas-filled cable, 
channels for the flow of gas were ob-_ 
tained by two methods: (1) the applica- 
tion of a button-embossed copper tape 
between the cable core and the lead 
sheath, and (2) by the use of fluted lead 
sheath. Figure 4 shows the two types of 
construction of single-conductor cable. 

At the time of the installation of the 
original gas-filled cables at the generating 
stations, gas-filled terminals were not 
available. Development work had not 
progressed to the point where manu- 
facturers were willing to guarantee clear- 
ances within the terminals with only 
nitrogen gas as a filling medium. In 
order. to carry the gas-filled cable into 


Table Il. Classification of Leaks 
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Figure 6 (left). Single-conductor compound- 
filled terminal for use on gas-filled cable 


Figure 7 (right). Single-conductor gas-filled 
solder-seal terminal for use on gas-filled cable 


terminals a standard-type terminal was 
used with a semistop feature incorpo- 
rated in the wiping sleeve of the terminal. 
The semistop feature was installed to 
prevent the filling compound within the 
terminal from flowing into the gas-filled 
cable. This semistop feature did not in 
all cases prevent the gas from entering 
the terminal after it had been completely 
installed. All of the original terminals 
which were used were of the normal 
gasketed type. Figures 5 and 6 show the 
terminals used for three-conductor and 


_ single-conductor cable with the semistop 


features which were incorporated in the 
wiping sleeves. Considerable difficulty 
was experienced with leaks at the gas- 
ketsin these terminals. Terminals which 
were initially tight developed leaks after 


the gaskets had been subjected to work- . 


ing when the cables were loaded. In 
order to eliminate this source of trouble 
development work was continued by 
the manufacturers on gas-filled terminals 
with the final result that there became 
available gas-filled solder-seal-type ter- 
minals which eliminated all gaskets. On 
recent installations of single-conductor 
gas-filled cable at stations, this type of 


Table Ill. 


cerminal has been used. Figure 7 show 
such a gas-filled terminal. 


Types of Installations 


There are now in service on the Con- 
solidated Edison system 21 feeders which 
are composed in part of gas-filled cable. 
The feeder which includes the longest 
continuous run of gas-filled cable is one 
which operates at 13.2 kv and is com- 
posed of three-conductor 800,000-circu- 
lar-mil cable extending a distance of ap- 
proximately 33,000 feet from a point near 
the Sherman Creek generating station to 
the Columbus Avenue substation of 
The Yonkers Electric Light and Power 
Company in Yonkers, N. Y. . 

Another feeder 7,500 feet in route 
length is composed of three legs of 27-kv 
cable from the East River generating 
station to a submarine crossing across 
the East River. There are also two three- 
conductor 27-kv feeders approximately 
5,600 feet in length which extend from 
the Hell Gate generating station to the 
Queens district. These two feeders are 
installed through a tunnel underneath 
the East River and have vertical riser 
lengths of approximately 250 feet at each 
end. Most of the remaining 17 feeders 
have relatively short sections of gas- 
filled cable adjacent to the stations which 
is predominantly single-conductor cable. 
Because of this use as station legs there is 
a considerable number of terminals in 
proportion to the length of cable involved. 
Figure 8 shows a typical profile of one of 
the feeders and Figure 9 shows the pro- 
file of a feeder through a tunnel. 


Operation 
MECHANICAL TROUBLE 


Gas leaks have developed from time to 
time in the cable joints and terminals. 
In general, with one outstanding excep- 
tion, it can be said that leaks have de- 
veloped shortly after the cable has been 
placed in operation, as defective wipes, 
tubing connections, and terminal gaskets 
or seals are most apt to begin leaking as 
soon as cable movement occurs due to 
loading. 

Very fast leaks due to bull-pointing the 
sheaths, and very minute leaks have been 
experienced. In all cases it has been 


Operating Record of Solid-Type Cable 


Three-Conductor and Single-Conductor, 15-Kv to 33-Kv, Two Years Old in Year Shows 
= = ————S 


Cable 
Failures 
Rate Per 
Mile Num- 100 Mile Num- 
Year Years ber Years ber 
1040-944 17 Obes EO wee mis cie sins © eke Teese oe ess 
10415. 69 TAO Twa nes FN iene GUD) ae cresainerat ORs 
19425042 Dieta selea's Dieses ese 8 Giehedn Wess 1 


790 TRANSACTIONS 


Joints 
Removals Failures 
ee eS 
Rate Per Rate Per 
100 Mile Joint Num- 1,000 Joint 


Years Years ber ears 


sere OO wlraren tsi O42. hacsht aE Ole. eens 
“Meenas OP ines 4428. ane cLO gen oe ao a8 
Reno O48. getdate Dle ra Glog nde 


Hatcher—Gas-Filled Cable 


FEET 


1°} . 
(O. “The 12 13) 4S Ges 
THOUSANDS OF FEET 


(8 19 20 


Figure 8. Portion of profile of three-conduc- 
tor 800,000-circular-mil 13.2-kv gas-filled 
feeder P 
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Figure 9. Profile of three-conductor 500,000- 
circular-mil 27-kv gas-filled feeder installed in 
tunnel under East River arg 


possible to maintain gas pressure until 
the leak has been found and repaired. 

The approximate location of leaks is 
normally determined by the pressure- 
drop method; that is, a fixed pressure is 
maintained at both ends of a known run 
of cable and pressure is measured at the ~ 
intervening joints. The point of lowest 
pressure is the approximate location of 
the leak. The application of liquid 
soap to all exposed parts of the system at 
this location will then reveal the actual 
point of leakage if it is outside of the 
conduit run. In order to reduce the time 
required to locate a leak on a long run of 
three-conductor cable, gas-flow direction 
indicators are permanently installed at 
specified intervals so that the direction of — 
gas flow past these points can be deter- 
mined. ’ 

The indicator consists of two glass jars, 


each filled half-way with a light cable oil — 


and sealed gas tight with a metal cover 


THREE-CONDUCTOR GABLE 


GAS SUPPLY - 


Figure 10. Installation of gas-flow direction 
indicators on three-conductor cable for loca-. 
; tion of gas leaks 
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Table IV. Operating Record of Solid-Type and Gas-Filled Cable Combined 
Three-Conductor and Single-Conductor, 15-Kv to 33-Kv, Two Years Old in Year Shown 


(Assuming Failures Had Resulted From One-Half the Gas Leaks) 
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and gasket. The two jars are con- 
nected in series and are inserted in the 
solid wall gas tube of the cable at a joint 
location. Under normal conditions when 
there is no flow of gas in the cable the oil 
in the two glass jars remains at the same 
level. When there is a flow of gas due to 
a leak gas will flow from the supply tank 
into the indicator forcing all of the oil into 
the glass in the direction of the leak. 
The direction of gas flow is also indicated 
by bubbles rising to the surface of the 
oil in the jar in the direction of the leak. 
The indicator and a typical installation 
are shown in Figure 10. With this 
method a leak can very readily be located 
between two indicator locations and the 
pressure-drop and liquid-soap method 
used for definite location within the 
section. 
On the installations of parallel lengths 
of single-conductor cable at generating 
stations the gas supply from a common 
tank to individual cables has been carried 
through valves. When a leak is indi- 
cated by loss of gas from the tank the 
particular length of cable which is leaking 
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Figure 11. Power factor and dielectric loss at 

27 kv of three-conductor 500,000-circular-mil 

gas-filled cable before being placed in service 

and after one year of operation as generating- 
station tie feeder 


Ten pounds per square inch nitrogen pressure, 
995-mil insulation 


Solid curves—Before placing in service 


Dashed curves—After one year in service 
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hours. 


can be determined by operation of the 
valves. 

In very serious cases of sheath rupture 
it has been possible to maintain gas pres- 
sure and continue operation of a feeder. 


The 13.2-kv Sherman Creek feeder pre- 


viously referred to as being the longest 
run of gas-filled cable was placed in 
service in October 1941. Prior to 1943 due 
to system operating conditions it carried 


_ little or no load. During 1943 it became 


necessary to load the cable to its normal 
load for approximately 20 hours each day 
with very light loads for the remaining 4 
With this load cycle, movement 
of cable in the manhole occurred and due 
to cable arrangement in the manhole the 
sheath was buckled and cracked. 

Subsequent to finding the first sheath 
breaks a survey was made of the man- 
holes and it was found that in 74 per cent 
of the manholes inspected the cable 
sheath was buckled adjacent to the joint 
wipe. Breaks have occurred in these 
buckles in approximately one-fourth of 
the manholes. The same sheath failures 
would have occurred in solid cable of the 
same conductor size installed under the 
same conditions and would without doubt 
have been responsible for a number of 
electrical failures. 

The leaks have been found by the 
methods previously described and repairs 
have been made by patching the sheath 
before any known water was admitted. 

A summary of all leaks which have 
occurred on all of the gas-filled cable 
installed on the system is shown in Table 
II. The types of leaks which have de- 
veloped do not indicate that any particu- 
lar type of cable is more or less sus- 
ceptible to trouble than any other type. 

Of the four leaks noted in the table 
as being in cable sections, one was caused 
by bull-pointing and was repaired in place 
without removing the cable; another 


necessitated cutting the cable at the 


point of leakage and replacing a short 
section of cable, while the remaining two 
leaks which were caused by foreign mat- 
ter in the ducts required the replacement 
of the sections. 


ELECTRICAL TROUBLE 


Only one electrical trouble has oc- 
curred on the gas-filled cable. This fault 
was a test failure on a single-conductor 
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15,000-volt cable which had been severely 
damaged during installation. Examina- 
tion of the fault indicated that approxi- 
mately half of the paper tapes had been 
broken and torn by a severe twist and 
failure occurred at the point of broken 
tapes when a proof test was applied prior 


' to placing in service. 


No service failures have occurred in 
any of the 138,000 feet of gas-filled cable 
installed on the system. 

That electrical failures could have been 
expected on this amount of cable, had it 
been of the solid type instead of gas 
filled, is indicated by the data contained 
in Table III. This table gives the failure ~ 


rates in 1940, 1941, and 1942 of solid- 


type cable of comparable voltage rating 
which was two years old in those years. 
For purposes of comparison Table IV 
shows for 1941 and 1942 the estimated 
failure rates which would have obtained 
if gas-filled cable had not been used and 


one half of the gas leaks found in cable 


sections and joints had resulted in failures 
during this two-year period of operation. 
‘That none of the gas leaks did cause fail- 
ures may be attributed to the advantage 
of sheath supervision whereby sheath 
breaks are quickly discovered. 


Electrical Characteristics 


Manufacturers’ laboratory test data 
have indicated that ionization will not 
take place in gas-filled cable if it is oper- 
ated below an average stress of 75 volts 
per mil and with a minimum gas pressure 
of 10 pounds per square inch. All gas- 
filled cable operating on the Consolidated 
Edison Company system is supplied 
normally with gas at 13 pounds per square 
inch pressure and in case of a leak the 
pressure may drop to a minimum of 8 
pounds per square inch for a short period 
of time. 

The average stress for the cables ranges 


1.0 


LATER eee 

sa) NRPS a 

Ste 
Nn need | 


ey 


i) 
® 


POWER FACTOR AT ROOM 
TEMPERATURE — PER CENT 


20 30 40 


50 60 70 
AVERAGE STRESS — VOLTS PER MIL 


80 90 190 


Figure 12. lonization at room temperature 

of three-conductor 500,000-circular-mil 27-kv 

gas-filled cable after one year of operation as 
generating-station tie feeder 


Ten pounds per square inch nitrogen pressure, 
295-mil insulation 
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Figure 13. Power factor at 15 kv of three- 

conductor 800,000-circular-mil gas-filled cable 

before being placed in service and after 
approximately five years on the system 


16 pounds per square inch nitrogen pressure, 
150-mil insulation 
A—Before placing in service 
B—After 15 months loaded, 17 months dead, 
and 27 months loaded 


between 39 volts per mil as a minimum 
and 68 volts per mil as a maximum. In 
order to determine if any ionization is 
taking place two sections of cable have 
been withdrawn for measurement of 
power factor and losses and for a visual 
examination of the papers. 
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Figure 14. Dielectric loss at 15 kv of three- 

conductor 800,000-circular-mil gas-filled cable 

before being placed in service and after 
approximately five years on the system 


16 pounds per square inch nitrogen pressure, 
150-mil insulation 
A—Before placing in service 
B—After 15 months loaded, 17 months dead, 
and 27 months loaded 
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Figure 15. lonization at room temperature of 
three-conductor 800,000-circular-mil 15-kyv 
gas-filled cable after approximately five years 

on the system 


After 15 months loaded, 17 months dead, and 
' 97. months loaded 


A 320-foot length of three-conductor 
500,000-cireular-mil 27,000-volt cable 
having 225 mils of paper insulation was 
removed from service after one year of 
operation at 27,000 volts. This cable had 
been operated as part of a tie feeder be- 
tween generating stations. 

Power-factor and dielectric-loss meas- 
urements were made on the section of 
cable and are shown in Figure 11 with 
the original factory measurements for 
comparison. 

The power factor measured at room 
temperature at various volts-per-mil 
stress is shown in Figure 12. The ioni- 
zation at 85 volts per mil after one year 
of operation is in agreement with data 
obtained from approximately 200 days 
of laboratory load cycle tests. 


Visual examination and power-factor | 


measurements of the paper tapes from 
the cable did not reveal any indication 
of deterioration. The five paper tapes 


nearest the conductor contained a few 


streaks, about the original color of the 
paper, which were more pronounced in 
the paper nearest the conductor. It 
was generally agreed that the streaks 
were not wax but possibly some form of 
oxidation products. 

A 275-foot length of three-conductor 
800,000-circular-mil 15,000-volt cable 
having 150 mils of paper insulation was 
removed from service after having been 
on the system for approximately five 
years. During this period the cable 
was operated for 15 months at an average 
stress of 44 volts per mil; was out of 
service for 17 months; and then was 
operated again for 27 months at an aver- 
age stress of 53 volts per mil. 

Power-factor and dielectric-loss meas- 
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five 


‘tion may absorb the oxygen from the 


urements were made on the section of 
cable and are shown in Figures 13 and 14, 
respectively. 3 

The power factor measured at room 


stress is shown in Figure 15. . 
Visual examination and power-factor 
measurements of the paper tapes from 
the cable did not reveal any indications 
of deterioration. 
Examination of the dielectric-power- 
factor values shown in Figures 11 and 
13 shows a greater increase in power fac- 
tor for the 15,000-volt cable which had 
been on the system for approximately 
years. With the exception of a 
longer period of operation the only differ- 
ent operating condition between the 
15,000-volt cable and the 27,000-volt 
cable was in the amount of nitrogen 
which was injected into the cable after 
installation. Some leaks occurred on 
the 15,000-volt line necessitating feeding 
nitrogen into the line to maintain proper 
gas pressure thereby subjecting the in- 
sulation to exposure to a greater volume 
of nitrogen containing some traces of 
oxygen. It is possible that the insula- 


nitrogen and an oxidation action take 
place resulting in an increase in power 
factor. This action may be the cause 
of the higher power-factor values for the 
15,000-volt cable. 


Conclusions 


1. Operating experience to date has shown 
that electrical failures commonly experi- 
enced on new installations of solid-type 
cable have been eliminated by the use of 
gas-filled cable. . 


2. Breaks in cable sheaths and joint wipe 
and defects in terminals are ascertained 
immediately and remedial measures can 
be taken before moisture is admitted which 
would result in eventual electrical failure. 


3. Limited data on cable in operation indi- 
cate that gas-filled cable is stable and con- 
firms laboratory test data. 


4. No serious operating difficulties due to 
migration of compound have been experi- 
enced with the use of gas-filled cable where 
there are marked differences in elevation. — 
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ADIO noise may be defined as radio- 
frequency energy which interferes 
with the reception of desired signals. 
This interference can be the result of: + 


1. Atmospheric electrical discharges which 
result in radiated radio frequency energy. 

2. Periodic corona discharges from the 
airplane which cause intense electric induc- 
tion fields close to the receiving antennas. 
3. Receiver internal noise due to thermal 
agitation in the receiver input resistance 
and shot effect in the low-level radio-fre- 
quency stages.! 

4, Electrical transients which result ‘from 
the operation of electrical equipment. 


Methods of reducing the first two types 
of disturbances are still in the experi- 
mental stage and are not within the scope 
of this paper. The third type of noise is 
inherent in the receiver, being dependent 
upon receiver sensitivity, band width, and 
general design. This, of course, is de- 
termined by the functions which the re- 
ceiver must perform. 

The fourth type of noise is due to elec- 
trical transients in commutating ma- 
chines, ignition systems, and other cur- 
rent-interrupting devices, which contain 
harmonic components extending into the 
radio-frequency spectrum. Satisfactory 
receiver operation dictates that this latter 
type of noise be suppressed or reduced to a 
point where the operation of electric 
equipment will have a minimum effect 
on radio communication. However, fil- 
ter and shielding weight must be kept to 


a minimum. Therefore, radio design. 


must be a compromise between desired 
radio performance and the limitations 
imposed by the requirements of installa- 
tion, maintenance, and weight prevalent 
on present aircraft. 

The recommendations and design pro- 
cedures outlined in this paper are specifi- 
cally for the frequency range of 0.16 
megacycle to 20.0 megacycles. However, 
experience indicates that similar pro- 
cedures, methods, and precautions may 
be applied to the. ultrahigh-frequency 
spectrum. 

In the following discussion, all wiring 
is considered unshielded except ignition 
circuits or those circuits where conduit is 
required for mechanical protection. The 
airplane is assumed to be of all-metal 
construction. : 


Radio-Noise Coupling to the 
Receiver 


The radio-frequency energy compo- 
nents, coming from the various electrical 
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transients, are induced into the receivers 
by various methods. 


1. Radio-noise voltages generated by cur- 
rent-interrupting devices may be conducted 
into the receiver by means of the common 
power supply. This conducted noise is 
then coupled to the radio-frequency stages 
and results in noise in the receiver output. 


2. The power wiring in the fuselage of the 
airplane conducts radio-frequency currents 
and voltages generated by the electric 
equipment. This results in radio-frequency 
induction fields which may be of large 
enough magnitude to induce, by magnetic or 
capacitive coupling, radio-frequency noise 
energy into the receiver-antenna leadin. 
Solution to this type of radio-noise problem 
is to reduce the mutual coupling by rerout- 
ing wiring and, if necessary, by electromag- 
netic shielding. - 


3. The ignition system of the airplane peri- 


odically (depending upon the engine speed 
and number of spark plugs) sets up steep- 
wave-front voltage discharges each time a 
spark plug is fired. This voltage discharge 
contains measurable components up to-450 
megacycles.2, The wave front of the dis- 
charge and subsequent oscillation is de- 
pendent upon the distributed circuit parame- 
ters in the high-voltage side of the ignition 
system. 


The radio-frequency fields associated with 
the steep-wave-front discharges are shielded 
from the antennas by enclosing the magneto, 
distributors, and high-voltage leads with 
metal shielding. Efficiency of this harness 
shielding is dependent upon high conduc- 
tivity of the entire metal enclosure. High- 
impedance joints between harness assem- 
blies result in a decrease in effective shield- 
ing. Also, unless the harness is securely 
bonded to the airplane structure, the entire 
ignition harness will tend to radiate and 
produce resulting radio-frequency fields at 


the receiving antennas. 


Designing for Radio-Noise 
‘Elimination 


The performance of the radio equip- 
ment in the airplane is the final test of a 
satisfactory electrical and radio installa- 
tion. Carefully tested electrical equip- 
ment which has been limited to a specified 
over-all radio noise voltage in the labora- 
tory may, upon installation in the air- 
plane, acquire a different radio-noise 
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frequency distribution and unpredicted 
peaks. 

It would then appear that laboratory 
testing is of limited value and that the 
prototype airplane must be tested and 
altered as required for satisfactory radio 
performance. The results of the tests 
could then be incorporated into the pro- 
duction airplanes. Although this method 
of design is good engineering, in actual 
practice there are many drawbacks to 
this method. Where production is of 
prime importance it is very difficult to 
effect changes after an airplane is in pro- 
duction. This is especially true in the 
case of electrical accessories. Installa- 
tion of filtering on motors usually re- 
quires a redesign of the motor frame. 
Therefore, a compromise must be evolved 
whereby a maximum amount of radio 
design is accomplished prior to the com- 
pletion of an airplane. This necessitates 
close co-operation between the radio 
engineer and the project electrical en- 
gineer. 


Basic RADIO-INSTALLATION DBSIGN 


The following principles of design 
should be incorporated on the engineering 
drawings at the time when the electrical 
and radio systems are being developed: 


(a). Antenna lead-ins must be kept as 
short and direct as possible. A compromise 
should be effected between structure shield- 
ing and a low capacitance lead-in.* 


(b). The designer should strive for a maxi- 
mum spacing between the antenna lead-in 
and electrical wiring. 


(c). Great care must be exercised in bond- 
ing the receiver chassis to the airplane 
structure. The bonding straps must be as 
short as possible and the bonding must be 
made to basic structure. Too often radio- 
noise coupling to the antenna input circuit 
is a result of poor receiver bonding.’ 


(d). Sources of radio noise such as commu- 
tating motors and pulsing relays should not 
be installed close to radio equipment, 


(e). Allradio and interphone wiring should 
bein bundles separate from power wiring. A 
minimum separation of 12 inches should be 
maintained if possible between communica- 
tions and power wire bundles. 


(f). Antenna location on military aircraft 
is usually a compromise dictated by desired 
radiation characteristics, the need for a 
short antenna lead-in, and locations avail- 
able in areas which are removed from the 
cones of fire of the guns. Consideration 
should also be given to locating antennas a: 
maximum distance from the airplane 
engines. 


THRESHOLD OF CONDUCTED RADIO NOISE 


It is desirable to reduce conducted radio 
noise to a level not greater than the in- 
ternal noise of the receiver at maximum 
sensitivity. 

The allowable conducted radio-noise 
level that will fulfill this condition must 
be known to permit proper filter design. 
This can be determined by the setup 
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shown in Figure 1. Curves of power-line 
noise in microvolts versus receiver out- 
put in decibels can be obtained at various 
frequencies for each receiver. One such 
curve at 340 kilocycles is illustrated in 
Figure 2. From curves similar to Figure 
2, a new curve can be derived of threshold 
of conducted radio noise versus receiver 
frequency. Threshold of conducted radio 
- noise is defined in this paper as that value 
of noise voltage which increases the re- 
ceiver output one half decibel above the 
internal noise with no signal applied. A 
curve of this type is shown in Figure 3. 
In this manner, the allowable conducted 
radio-noise level at the receiver can be 
determined in advance of the completion 
of the airplane. 


METHODS OF FILTERING CONDUCTED 
Rap1o NOISE 


The choice of an airplane radio-noise- 
filter system should be governed by the 
_ following general considerations: 


(a). The conducted radio-noise voltage 
level at the power input to the receiver must 
be within the applicable threshold levels. 


(b). The coupling between the antenna 
leadin and the induction fields set up by the 
conducted radio noise must be kept to a 
minimum. Filtering exceeding the require- 
ments of the threshold of conducted radio- 
noise curve specified in Figure 3, may be 
necessary to achieve a reduction in the radio- 
frequency noise induced into the antenna 
leadin. 


(c). Filter weight must be kept to a mini- 
mum, 


(d). Many changes in electrical and radio 
equipment are made on an airplane after it 
has been delivered to the customer. This 
problem should be recognized by the radio 
engineer and a safety factor allowed in his 
design. 


There are a variety of approaches to 
the problem of achieving suppression of 
radio noise from electric equipment. 
General classifications are discussed as 
follows: 


(a). Receiver Filtering. Filters may be in- 
serted in the d-c power input to the receiver. 
The attenuation of the filter must be suffi- 
cient to reduce the radio-noise level below 
the threshold of conducted radio noise. 
However, this method has the following 
disadvantages: 


1. Changes in electric equipment after the 


RADIO-FREQUENCY 
NOISE INSTRUMENT 


LEVEL 


RECEIVER CONTROL 


AUDIO NOISE 


MOTOR-NOIS 
INSTRUMENT SOURCE = 


Figure 1. Laboratory setup for determining 
threshold of conducted radio noise for a 
receiver 
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airplane has been delivered may result in a 
high radio noise level. : 


2. The requirement of low coupling of 
radio noise fields to antenna lead-ins is 
difficult to achieve without additional filter- 
ing on the power line. 


(b). Source Filtering. Sources of radio 
noise have been limited by service specifica- 
tion to the equipment manufacturer to a 
value not exceeding 50 microvolts. This 
usually results in low radio-noise levels on 
the power lines. However, additional fil- 
tering may be necessary to eliminate reso- 
nant peaks. The objection to this method 
of filtering is the large amount of filter 
weight required. A source-filter installa- 
tion on a large military airplane could sub- 
tract approximately 100 pounds from the 
pay load of the airplane. 


(c). Compromise Filtering. This method 
is a compromise between the two methods 
discussed above. A limit of 500 or 1,000 
microvolts can be specified for each noise 
source on the airplane. In the case of 
motors, this level can usually be achieved 
by the installation of a 0.1- or 0.2-micro- 
farad capacitor across the brushes. The 
additional filtering is secured by the natural 
attenuation of the wiring and by capacitors 
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Figure 2. Typical curve of conducted radio 
noise on the receiver power supply versus 
receiver noise output for one frequency 


340 kilocycles 


located in appropriate junction boxes. A 
comparison between source and compromise 
filtering is shown by the curves on Figure 4. 
This test was conducted on a simulated- 
airplane-wiring network consisting of four 
motors, a receiver, and a power supply. 
Curve A represents the noise level at the 
receiver with each motor individually 
source filtered to a level not exceeding 50 
microvolts at the motor. Curve B repre- 
sents the over-all noise level at the receiver 
with each motor individually source filtered 
to a level not exceeding 1,000 microvolts at 
the motor. 

Figure 4 indicates that very little advan- 
tage is derived from the use of heavy source 
filters. The 1,000 microvolt limit is not the 
final recommended value for this type of 
filtering. A value of 500 microvolts would 
probably be a more satisfactory com- 
promise. In any event it would be desir- 
able to use a level that could be attained 
by incorporating a small capacitor into pres- 
ent motor frames without necessitating a 
redesign of the motor. In designing for this 
particular type of filtering, space provisions 
should be allowed in junction boxes for in- 
stallation of by-pass capacitors. Installa- 
tions of these capacitors are determined 
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‘termine noise peaks. The ignition inter- 


_ bonding and shielding. 
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\ 
oo 


‘ 
2 Smee 
eis 
Lae a 
i 


8 3 8 
BRGREEEL 


ce) 
oO 


0.I Os: i 5. 
FREQUENCY — MEGACYCLES 


NOISE THRESHOLD — MICROVOLTS 


Figure 3. Curve of threshold of conducted 
radio noise for a receiver 


The dash and solid lines indicate successive 
receiver bands 


at the time when the completed systems are 
tested. 
IGNITION RADIO NOISE 
The ignition system of the airplane sets 
up high-intensity radio-frequency indue- 
tion fields in the vicinity of the airplane 
antennas. These interfering fields can be 
decreased by proper shielding of the igni 
tion system. Shielding metal must be of 
sufficient thickness and high conductivity 
and each component part of the ignition 


pedance bonds to each adjacent member 
and to the airplane structure. Failure to 
have clean tight mating surfaces between 
component parts will result in ineffective 
shielding. On many airplane designs 
much engine testing is done on test stands 
prior to the completion of the airplane. 
If such is the case, an excellent opportu- 
nity avails itself to determine the suita- 
bility of the engine installation as re- 
gards radio noise. | 

Field-strengthnoise-instrument measur- 
ments can be made approximately ten feet 
forward of the propeller plane to indicate 
the severity of the ignition noise and to de 


ference will usually resonate at approxi- 
mately 9-10 megacycles. Upon deter- 
mining the resonant frequency of the 
ignition system, the engine can then be 
probed to determine the efficiency of the 


A Ferris model 32A noise instrumen’ t 
or its equivalent, can be used with 
probe to obtain a relative measure of the 


line of sufficient length and terminated 
with a sharp steel probe is attached to the 
Ferris noise instrument antenna input. 
The sharp point on the probe allows the 
test engineer to break through protective 
finishes on the metal in the probing opera 
tion. A ten-to-one radio-frequency volt- 
age ratio from the magneto case to the 
high-voltage conduit would indicate 2 
high-impedance bond between the two 
units. A high radio-frequency difference 
of potential between the engine and the 
airplane nacelle would indicate poor en- 
gine bonding. ; 

After the incorporation of necessary 
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igure 4. Comparison of source filtering and 
compromise filtering 
i—Source-filtered installation 


line-, and receiver-filtered in- 
stallation 


—Source-, 


nding and shielding changes, the field- 
trength measurements are repeated to 
letermine whether additional work is 
lecessary. Experience has not yet de- 
ermined a satisfactory allowable field- 
trength level. 

By following a procedure as outlined 
bove, necessary changes in the bonding 
nd shielding of the ignition system can 
ye determined prior to the airplane’s 
ompletion. 


“ESTING THE COMPLETED INSTALLATION 
IN THE AIRPLANE 


With knowledge of the allowable con- 
fucted radio noise in microvolts for each 
eceiver, compliance with these values 
an be determined by measurement at 
he receiver power inputs. This test 
hould be conducted with various com- 
inations of equipment on the airplane 
perating. The combinations should ap- 
roximate as closely as possible service 
onditions. This is extremely important 
ince various combinations of equipment 
aay produce different levels of radio- 
Oise voltage. 

Antenna leadins must be carefully 
hecked for radio-noise pickup from the 
ower wiring in the airplane. An indi- 
ation of the magnitude of this pickup 
an be determined by listening to the 
utput of the receiver with the antenna 
sadin disconnected from the feed-through 
asulator. As a result of this test, re- 
outing of wiring and further reduction 
1 radio-noise voltage by filtering may be 
ecessary. However, in filtering, care 
hould be exercised against increasing 
he magnetic-induction radio-noise field 
y increasing the flow of radio-noise 
urrents. Field-strength measurements 
hould be repeated ten feet forward of 
ach engine and the results compared 
ith the values obtained on the engine 
asst stand. If necessary, further probing 
n the engine should be accomplished. 

Over-all performance of the radio 
quipment, or the true measure of the 
ffectiveness of the radio-noise design, is 


JOVEMBER 1944, VoLUME 63 Weinstein, Howell, Lowe, Winter—Radio-Noise Elimination 


OUTPUT —DECIBELS 


22 24 26 28 30 32 
RECEIVER SUPPLY — VOLTS 
Figure 5. Variation of receiver internal noise 
with changes in receiver supply voltage 


determined by the calibrated-receiver 
method. A receiver of the type to be 
used in the installation is calibrated in 
terms of a signal modulated 30 per cent 
at 400 cycles. Receiver output is meas- 
ured with a quasi-peak-reading noise in- 
strument of weighting circuit 10 milli- 
seconds charge and 600 milliseconds dis- 
charge. Thus each receiver becomes an 
equivalent radio-frequency noise instru- 
ment. This arrangement combines the 
advantage of a noise instrument with the 
advantage of testing the actual receiver 
installation. 

Accuracy of the calibrated-receiver 
method of radio-performance testing is 
dependent upon the following precautions 
and calibration technique: 


(a). The power-supply voltage, both in the 
laboratory and airplane, must agree within 
plus or minus one half volt. Figure 5 
shows how voltage variations affect the 
internal noise of a receiver. 


(6). Circuit constants of the dummy 
antenna used in the receiver calibration 
should agree to within 20 per cent with the 
characteristics of the applicable airplane 
antenna. 


(c). A minimum warm-up period of 30 


minutes, should be allowed the receiver be- 
fore any testing or calibration is undertaken. 


(d). Calibration in the laboratory should 
be accomplished in a shielded room with a 
self-contained battery power supply. 


By observing these precautions experience 
shows that results can be duplicated to 
within one deeibel. 

Readings of receiver decibel output in 
the airplane can be converted into equiva- 
lent microvolts from the receiver calibra- 
tion curves. Maximum radio noise at 
the receiver input has been set by the 
services at 2.5 microvolts. Experience 
may permit a reduction in this value at a 
later date. Figure 6 shows comparative 


curves of an antenna measurement by the ~ 


RADIO NOISE — MICROVOLTS 


{ 2 
FREQUENCY — MEGACYCLES 


3.4567 10 20 


Figure 6. Comparison of the calibrated- 
receiver and noise-instrument method of 
measuring noise on an antenna 


A—Noise-instrument measurement 
B—Calibrated-receiver measurement 


calibrated-receiver method and by a 
Ferris model 32A radio-noise instrument. 
The readings were taken as nearly simul- 
taneously as possible. The curve of Fig- 
ure 3 is for the calibrated receiver used 
in this test. It is interesting to note that 
the calibrated receiver minimum thresh- 
old values of conducted radio noise occurs: 
in the range of 13-15 megacycles. This 
may explain the peak at 13 megacycles 
shown by the calibrated receiver in Fig- 
ure 6. The Ferris instrument readings 
do not contain the effect of conducted 
radio noise. 


Conclusions 


1. It is possible, with knowledge of values 
of conducted radio noise that can be toler- 
ated at the receiver and from tésts conducted 
on test engines to complete a great deal 
of preliminary recommendations and de- 
signs which will decrease the delay in accom- 
plishing a satisfactory receiver installation 
on production airplanes. The design, how- 
ever, must be fluid to permit necessary 
changes during the tests on the prototype 
airplane. 


2. A compromise system of filtering at 
source, junction box, and receiver is the 
most practicable and economical means of 


- accomplishing radio-noise suppression with- 


in the fuselage of the airplane. 


8. A calibrated-receiver method of evalu- 
ating the equivalent microvolts of noise 
should be the final test of the receiver in- 
stallation. 


4. Studies indicate that noise levels of 500- 
1,000 microvolts, if specified for electrical 
equipment installed in the airplane, would 
permit satisfactory levels of radio noise 


- with a minimum filter weight. 
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The Development of Aircraft Position 
Lights 


JACK VITOL 


NONMEMBER AIEE 


ONSIDERABLE interest has been 
shown in the development of flash- 
ing position lights as displayed on air- 
carrier aircraft at night and this paper is 


' devoted to an explanation of changing 


trends in aircraft position lighting and the 
developmental work which finally re- 
sulted in the use of these flashing lights. 

The need for a uniform system for the 
display and color of position lights on air- 
craft was soon demonstrated in the early 
history of aviation, particularly in 
Europe, where the proximity of many 
countries proved the need for uniformity. 
In October 1919 a convention met in 
Paris to discuss from an international 
point of view matters pertaining to avia- 
tion, and aircraft position lighting was 
one of the items which dame up for con- 
sideration. Without going into any de- 
tail, it will suffice to say that it was de- 
cided that a red light be displayed on the 
left wing tip, a green one on the right, and 
a white light in the tail. The forward 
lights were to be visible through an angle 
of 110 degrees measured from dead ahead 
to the left and right, respectively, for the 
left and right lights, thus leaving an angle 
of 140 degrees for the tail light. 

In 1926, the Civil Aeronautics Act was 
passed and when the Aeronautics Branch 
of the Department of Commerce was 
subsequently established, the require- 
ments for position lights were drawn up 
which conformed with the principles as 
set forth at the Paris convention. For- 
ward and rear lights were required to have 
a minimum intensity of eight candles and 
these requirements were in existence for 


years until the speed and number of air- - 


craft operating at night had increased to 
the point where additional forward light 
was desirable, particularly for air-carrier 
aircraft. Accordingly, Aeronautics Bul- 
letin number 7H as amended in October 
1934 required that air-carrier aircraft dis- 
play at least one stronger light to warn 
other aircraft of its presence. It was un- 
fortunate that the requirement was so 
indefinite as it failed to specify the color, 
location, and the minimum intensity of 
the light. The result was that some one 
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of the air-carrier operators inserted a 32- 
candlepower red lamp in one of the land- 


ing light units and this practice spread 


until it was used by all operators. The 
location of this light was not uniform be- 
cause of the variation in the location of 
the landing lights, some being in the nose 
of the airplane and others in the leading 
edge of the wing. It was intended that 
this warning light be burned in conjunc- 
tion with the forward lights but many of 
the pilots turned these lights on only when 
they knew that they were soon to pass an 
oncoming plane on the airway. The 
light thus was referred to as the ‘‘pass- 
ing” or ‘‘courtesy”’ light. 

The shortcomings of the warning light 
were soon apparent and in November 
1937 the Civil Air Regulations provided 
for the display of a light on air-carrier air- 
craft having a minimum beam intensity. 
of 35 candles directly forward. Diffi- 
culties in designing a light to meet the 
cutoff requirements resulted in a revision 
to the regulations in November 1939 
which increased the minimum forward 
intensity to 40 candles while relaxing 
somewhat on the cutoff and stray-light 
requirements. By mid-January 1940, 
two manufacturers had obtained approval 
of air-carrier forward position lights and 
they were being shipped to purchasers. 
These lights were helpful, of course, but 
they did not solve the aircraft-lighting 
problem entirely. Congestion of air- 
craft over all of the larger airports where 
air-carrier traffic was predominant, dis- 
closed the need for certain further im- 
provements in aircraft position lighting. 
Pilots reported that they had some 
difficulty in locating and identifying air- 
craft as such which were ahead and below 
them. In many cases these were small 
slow aircraft engaged in night training 
flights. The pilots in overtaking ships 
claimed that the single white steady tail 
light on the aircraft ahead became one of 
thousands of city and airport lights which 
served as its background. In cases where 


the red or green wing tip lights were | 
‘visible rather than the tail light, the 


lights were not easily picked up because 
of the number of colored neon lights in 
the background. 

With the feeling that airplane con- 
spicuity should be improved, at least 
from the rear, the Civil Aeronautics Ad- 


ministration was able to interest a Balti- 


more inventor in developing a device 
for flashing the tail light, the theory being 


that by so doing, it would be more readily 


discernible. The flasher was ready late in 
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1940 and was tested subsequently « om 
CAA airplane at Indianapolis by 1 t 
technical development division ars 
CAA. The report of the tests conta ied 
many conflicting reactions but in general 
it was agreed that it was easier to locate 
the airplane by means of its flashing 
white tail light. Adverse criticism was 
mainly to the effect that many ground 
lights appeared as blinking lights to th 
airman because of obstructions which 
passed between the pilot’s eyes and. the 
source of the ground lights. 

To gather additional information per 
taining to the suitability of aircraft posi 
tion lights, a questionnaire was prepared 
in July 1941 and sent to air-carriel 
operators and pilots, operating ane 
engineering managers, and all interested 
parties. Replies were received from the 
following, as indicated: 


Pilots 4o.-siie somes eee sah Cota 217 
Engineering managers: ....J......-.+: & 
Operating managers.............. Fee Bi 
QOthers.\.52. Coles): Secu asia ee ee Be: 


ae. ° . iN Noes 
Some of the questions and answers were 
as follows: 


1. Do you think the ae lights (red 
and green) should be visible from a greater 
angle to the rear? Yes...(114) No.. oe 


2. In your opinion, are the following cur. 
rently used position lights adequate? 

Air-carrier aircraft ; 
No.. 


Forward lights (40 cp) Yes. ..(172) .( 50) 
Tail light (8cp) Yes... (60) No...(154) 
Nonair-carrier aircraft we 

Forward lights (8 cp) Yes...(27) No... (168) 
Tail light (8cp) Wes...(46) No... (145) )) 


3. If considered pelenea es Please dea 
scribe in what respects. 


As may be expected, there was a great 
variation in the answers but in general they 
indicated that greater-intensity lights were 
desired; that the tail light particularly 
should be brighter; that there should be no 
difference between light intensities on air- 
carrier and nonair-carrier aircraft; that all 
forward lights should have a minimum in- 
tensity of 40 candles; and that the tail light 


‘should be made more distinctive by the use 


of a blinker and a different-color light. 


The next question is particularly inter- 
esting as it indicates to what extent pilots 
rely on their position lights to aid them 
while flying at night. 


4. Topilots. (1) Do you make much use 
of the color arrangement on another air- 

plane to determine its directional path or 
(2) are you interested only in knowing of its 
presence? 


There were 176 who stated that they made 
use of the color arrangement.to determine 
an airplane’s directional path and there 
were 70 who were interested only in knowing 
of its presence, It will be noted that the 
total number of opinions exceeds the number 
of replies, This was due to the fact that 
some of those who replied stated that they 

were interested in both. They were pri 

marily interested in knowing of the air. f= 
plane’s presence and then they determined 
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ts path by. means of the arrangement of the 
‘olored lights. 


9. After giving due consideration to the 
ossible need for larger sources of electrical 
energy, to the resultant increase in weight, 
and the possible effect on the aerodynamic 
9erformance of the airplane, do you have 
any suggestions as to how to improve the 
dosition light or lighting system on aircraft? 
The suggestions for improvements were 
nteresting dnd extremely varied. Many of 
the pilots mentioned neon, “‘lumiline,” and 
duorescent lighting. They suggested that 
such lighting be used in*the wing tips, the 
trailing edges of both wings, and control 
surfaces. Some suggested that these lights 
be of the yellow sodium-vapor type, while 
thers suggested that they be of the blink- 
ing type. In general, there was a demand 
for more light—either higher intensity or 
more lights—or both. Others wanted two 
additional lights in the nose of all aircraft. 
Several frankly stated that the airplane 
should be “‘lit up like a Christmas tree” 
and one felt that it ‘“‘should stand out like a 
ferry boat on a river.” 


By interpretation of the results of the 
questionnaire, it was obvious that the 
pilots were generally dissatisfied with the 
effectiveness of the position lights. They 
wanted the lights to have a longer range 


which meant greater intensity and since - 


so many mentioned distinctive lights 
and the inability to discern the aircraft 
against a background of city lights, it 
appeared that an increase in conspicuity 
was necessary, particularly for the tail 
light, as well as a more definite means of 
identifying the light as belonging to an 
airplane. 

How the inability of a pilot to ascertain 
that a light belonged to a plane was 
contributary to an accident was forcefully 
illustrated about this time. A pilot mis- 
took the steady white tail light of another 


air-carrier plane on the ground as being a. 


boundary light some distance away and 
he started his take-off run towards the 
light. After considerable speed had been 
attained, the pilot became aware that he 
was about to crash into a plane. He im- 
mediately throttled his engines, swerved 


the airplane, and put his control wheel 


hard over, thus attempting to lift his 
wing over the other plane. In this 
maneuver he was partially successful al- 
though he did strike the outer portion of 
the airplane’s wing. 

This accident gave additional impetus 
to\the problem of improving the safety 
of night flying and it was decided: 


(1) That some research be undertaken im- 
mediately towards giving the tail light greater 
conspicuity, 

(2) That some work be done towards devel- 
yping a light which would make air-carrier 
14ircraft more discernible from the front. 


The need for the latter was particularly 
ucuite because of the danger of collison 
with Army and Navy aircraft, which for 
nilitary reasons displayed little and some- 
imes no light. That this hazard was 
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serious can be illustrated by quoting an 
operator who stated that within a rela- 
tively short time he had 178 military air- 
craft using the airways ines flown 
by his pilots. 

The problem of building some test 
units which would permit two lights to be 
flashed at different cycles and eclipse 
periods was left to the National Bureau 
of Standards which was ready for tests 
during the latter half of August 1941. 
Approximately 20 observers were present 
and they represented the Air Transport 
Association of America, a few air-carrier 
operators, manufacturers of flashing de- 
vices, the National Bureau of Standards, 
the CAA, and the Civil Aeronautics 
Board. Constant telephonic contact 
was maintained between the observers 
and the personnel in control of the lights 
on the roof of the East Laboratory on the 
Bureau of Standards grounds. With the 
equipment as set up, it was possible to 
vary the frequency from 30 to 40 to 50 
cycles per minute and to change the 
length of the eclipse periods. The ob- 
servers were approximately six-tenths of a 
mile away and all were equipped with 
pad and pencil to record their reactions 
to the various light flashes. 

Using red and white lights which had 
been determined in some preliminary ob- 
servations a few nights earlier as having 
the greatest penetrating power, the result 
of the evening’s work. indicated that 


alternately flashing red and white lights. 


were best when flashed at a frequency of 
40 cycles per minute with the following 
characteristics: 150 degrees white—10 
degrees dark; 150 degrees red—50 de- 
grees dark. The longer dark period was 
found to be necessary in order to make 
the following white flash appear as such 
rather than with a pinkish tint. The eye 


seemed to retain the red image longer . 


than the white with the result that the 
dark period had to be lengthened until 
the point was reached when the follow- 
ing white flash no longer had any pink- 
ish cast to it. It was found that even 
with 21-candlepower lamps in the units, 
the red flash lacked intensity and it was 
necessary to use a 32-candlepower lamp. 
Subsequently, in order to eliminate the 


need for stocking two tail lamps of’ 


different ratings, a 32-candlepower lamp 
was used in each unit. 

With this much Revompliched, the 
manufacturers of flashing devices had 
some definite requirements on which to 
base the design of their flashers. While 
they were engaged in this work, Ameri- 
can Airlines played an important part in 
the development which led to the present 
scheme of flashing lights. During the 
last few months of 1941 and the first in 
1942, this operator worked closely with 
the National Bureau of Standards and 
the CAA in a number of tests trying out 
various arrangements of steady and 
flashing lights. One of these tests was 
conducted at Washington in January 
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1942 and was witnessed by approximately 
the same representatives as. participated 
in the earlier preliminary tests at the 
National Bureau of Standards. Penn- 
sylvania-Central Airlines, which had 
been following this lighting project with 
interest by participating in the various 
preliminary discussions and tests, fur- 
nished a DC-8 airplane in which the ob- 
servers rode to observe the relative con- 
spicuity of the American Airlines air- 
plane with and without the various 
flashing-light combinations. Additional 
tests were conducted in February while 
two American Airlines airplanes flew be- 
tween New York, N. Y. and Hartford, 
Conn. During a test on February 25, 
1942, a flasher was installed which gave 
the correct number of cycles and eclipse 
periods. The results convinced the ma- 
jority of observers that flashing the red 
and green wing-tip lights simultaneously 


with the white tail light and the top and ~ 


bottom white fuselage lights with the red 
tail light, gave the best results. The tests 
also led to the final approval by the CAA 
of a flasher which had been tested for the 
flashing schedule, satisfactory operation 
during three hours of vibration, high- 


and low-temperature effects in the range 


from plus 55 degrees centigrade to minus 
35 degrees centigrade, radio interference, 
and operation with variation in input 
voltage. The motor-driven mechanism 
required about 300 watt-hours of energy 
per year for its operation and units are 
now available which can be used on 12- 
to 16-volt or 24- to 28-volt systems, al- 
though the first unit was designed for use 
on a DC-3 which had a 12- to 16-volt 
system. In appearance the flasher is a 
cylinder having a maximum diameter of 
41/, inches and a height of 6/4 inches. 
Its weight is two pounds. 

With the approval of this flasher, 
American Airlines proceeded to install 
this system of six flashing lights in May 
1942. The co-operation of the Air Trans- 
port Association was obtained in solicit- 
ing its members to notify their pilots to 
observe this system of lights in order to 
determine their effectiveness. The pilots 
apparently were impressed because in 


November 1942 the operations committee. 


of the Air Transport Association voted 
unanimously to request the CAA that all 
air-carrier operators be permitted to in- 
stall the system of six flashing lights. 
Naturally this reception was gratifying 
and permission was given with the proviso 
that it be uniformly adopted by all of the 
operators. It should be borne in mind 
that the Civil Air Regulations which had 
been revised in February 1942 required 
only that a flashing red and white tail 
light be displayed and, therefore, the 
understanding with the operators was 
strictly on a ‘‘gentlemen’s agreement’’ 
basis. Although the date of effectuation 
of this requirement had to be postponed 
several times because of a number of 


difficulties, progress in completing the © 
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installations was satisfactory considering 
the circumstances. With the approval of 
another flasher in August 1942, an addi- 
tional source was available which ex- 
pedited the completion of the flasher in- 
stallations. 

By the end of 1942, practically all air- 
catrier aircraft were flashing three lights 
on each of the two flasher circuits with 
each carrying about 51/, amperes. One 
circuit operated the standard color 
scheme, namely, the red and green wing- 
tip lights and the white tail light, while 
the other operated the top and bottom 
white fuselage lights and the red tail 
light. Not only was aircraft conspicuity 
greatly improved from the rear but from 
the front and sides as well and all pilots 
were impressed with the added sense of 
security. Apparently the Air Transport 
Command thought well of the system also 
becatise in December 1942 the CAA was 


‘informed by one of the flasher manu- 


facturers that his units were being in- 
stalled in a number of transport and cargo 
airplanes operated domestically by the 
Air Transport Command. These aircraft 
were flying the airways at night and the 
desire to maintain the high safety stand- 
ard then in existence dictated that 
flashing lights should be installed. The 
value of flashing lights was accorded addi- 
tional recognition nine months later 


‘when a military requirements policy 
ihe 


issued by Headquarters, Army 
Forces, attthorized the installation of a 
flasher on six certain types of mi itary 
aircraft permanently assigned to activi- 
ties within the continental United States. 
However, the authorization did not per- 
mit the aircraft to be altered to the extent 
of adding the white tail light and the top 
and bottom white fuselage lights. Pre- 
sumably, the aircraft were badly needed 
and could not be withdrawn from serv- 
ice to enable the additional lights to be in- 
stalled. At present the Navy is adopting 
the standard air-carrier system of six 
flashing lights for use on its domestically 
operated transport aircraft and it is our 
understanding that some aircraft are al- 
ready so equipped. 

This entire development has been 
aimed at maintaining the high standard 
of safety while flying at night on air- 
carrier aircraft. However, sight was not 
lost of the fact that nonair-carrier air- 
craft engaged in night flying were 
potentially just as dangerous to each 
other and to other air-carrier aircraft. 
From its very inception, the plan con- 
templated that something be done 
eventually to add greater conspicuity to 
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privately owned aircraft of all sizes but 
it was decided that this program would 
be subordinate to the other. Now that 
the air-carrier aircraft are provided with 
adequate position lighting, steps have 
been taken to initiate something similar 
for other aircraft. One of the first things 
required is a simple, cheap, flashing de- 
vice. The present devices are somewhat 
in the nature of precision instruments and 
cost about $95. A material reduction in 
price will be necessary before the aver- 
age private flyer can afford a device of 
this kind. The need for a simple cheap 
flasher to cost about $15 was brought to 
the attention of several manufacturers 
who-are now engaged in working on this 


problem. The unequal dark periods, 


namely, 10 degrees and 50 degrees, have 
added some complication and have been 
responsible, in part, for discarding certain 
mechanisms which otherwise might have 
been suitable as considerably cheaper 
flashing devices. With the thought in 


mind of simplifying the design problem, — 


it is our intention to experiment with a 
flasher having both dark periods equal. 
The important dark period is the one 
after the red flash, so it is planned to have 
both eclipses equal to 50 degrees and to 
decrease the “‘on’’ periods from-150 de- 
grees to 130 degrees. The cycle would 
thus be 130 degrees white—50 degrees 
dark; 130 degrees red—50 degrees dark. 
It is not believed a reduction in the ‘‘on” 
periods would be noticeable. 


In addition to a cheap, reliable flasher, 
a single unit housing both the red and 
white tail lights is necessary before flash- 
ing lights will be commonly used on non- 
air-carrier aircraft. Lack of space on the 
rudder, the tail post, or tail cone of small 
airplanes will make it impossible to in- 
stall two tail lights of the type currently 
used adjacent to each other. At least 
one company is known to be working on 
this project. Eventually it is hoped that 
nonair-carrier aircraft operating at night 
will flash as a minimum their wing-tip 
lights with each flash of the red and 
white tail lights. 

The Civil Air Regulations have been 
revised recently to permit the flashing of 
the red and white tail light on nonair- 
carrier aircraft. Further revisions ap- 
pear in order to cover similarly the flash- 
ing of the wing-tip lights and the top and 
bottem white fuselage lights. Before this 
step is taken and because the use of 
flashing lights appears destined to spread, 
a number of questions arise which are 
in need of further study. For instance, 
the point has been raised that since the 
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red and green wing-tip lights are used te 
designate the forward left and right 
quarters, respectively, the introduction 
of a red light in the tail is unorthodox 
and may under certain conditions cause 
confusion. It has also been pointed out 
by those interested in international agree: 
ments that the use of flashing lights ane 
the introduction of red in the tail is con- 
trary to such agreements., Although 
this has been handled satisfactorily by 
the operators whose craft engage if 
foreign operationby the use of a switch 
converting the wing tip and white tail 
lights to steady lights, the subject may 
warrant some further consideration inas 
much as a long-range policy for aircraft 
lighting should be considered. 

A short questionnaire has been pre: 
pared soliciting some information fro 2 
the air-carrier operators relative to the 
reaction of their pilots to the flashing 
lights now that they have been in use for 
about two years and it is hoped that the 
information received will indicate if any 
major changes in aircraft position lighting 
are necessary. ; : 

Since the presentation of this paper, the 
replies to the above mentioned question- 
naire have been received. Fourteen of 
the 17 domestic air carrier operators have 
replied, as indicated, to the following four 
questions which are the most important 
ones of the questionnaire: 


1. Are you satisfied with the present 
scheme of flashing the two wing tip lights 
and the tail light on one side of the flasher 
circuit and the top and bottom white fuse- 
lage lights with the red tail light on the 
other? Yes 14; no 0. 

2. The aircraft’s progress with such lights 
flashing has been described by a few as 
being “‘jumpy.’’ Is this a serious objection 
to your pilot personnel? Yes0; nol4. — 
38. Does the red light in the tail of an air- 
craft confuse your pilots as to its direction 
to an objectionable extent? Yes 2; no 12. 
4. Do your pilots think the forward red 
and green lights should have more intensity 
Yes 3; no 11. ‘ z 


On the basis of the replies, it is obvious 
that the operators as a whole are well 
satisfied with the present scheme of 
flashing lights. No changes are thus con- 


_ templated, although it is felt that the 


volume of air traffic in the not too far dis- 
tant future will force a revision in aircraft 
position lighting. Such a revision will 
call for a pattern of flashing lights enab- 
ling a pilot to distinguish more readily 
the quarter from which he is approaching 


another aircraft. 4 
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HIS war has seen an unprecedented 
B development of armament, both offen- 
sive and defensive, for military aircraft. 
Ine of the most widely used and, there- 
‘ore, perhaps one of the most important 
of these has been the power-driven gun 
turret, three or four of which are used on 
all our heavy bombers, and one or more 
on most smaller bombers and equivalent 
planes. This paper briefly surveys the 
field of electric-drive equipment for tur- 
rets to give a picture of the types and 
variety of equipment now in use and the 
requirements made of it, together with a 
description of how it works. 


General Description of Turrets 


Basically a turret is a power-driven 
flexible gun mount. In most turrets now 
in use the gunner is located within the 
turret, and by suitable controlling means 
drives it at any desired speed in rotation 
about horizontal and vertical axes so as 
to point the guns continually at his mov- 
ing target. The gunner actually rides 
around with the guns and aims by peering 
through a sight attached to them. 

In this connection it would be well to 


mention the two most prevalent basic > 


types of turret arrangement. These are, 
first, the cylindrical turret wherein the 
complete turret with operator, ammuni- 
tion, and so forth revolves only about a 
vertical axis, the guns alone being pivoted 
about a horizontal axis in the turret for 
elevation and depression. The gunner 
has to move his head up and down to fol- 
low the sight in elevation. The other type 
is the spherical turret where the gunner 
is at all times in a fixed position with re- 
spect to the guns, and rides up and down 
with them in elevation as well as around 
in azimuth. In both cases transparent 
Plexiglas enclosures through which the 
guns protrude are used to shield the gun- 
ner from the slipstream. Turrets of both 
types have been applied variously in 
nose and tail installations, as upper deck 
turrets, forward and rear, and as lower 
turrets projecting from the bottom of the 
airplane fuselage. 

-Much of the basic turret development 
was done prior to or in the early days of 
the war, being pioneered to a considerable 
extent by the British who concentrated 
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on the caliber-0.30 automatic machine 
guns and used them in multiple gun in- 
stallations, usually numbering four guns. 
American turrets from the first have used 
the caliber-0.50 machine gun in arrays 
of from one to four. By far the greatest 
majority, however, have had two guns, 
one on either side of the gunner. Larger 
caliber armament including 20-milli- 
meter and 37-millimeter cannon has been 
used, but mostly experimentally to date. 


Power-Drive Requirements 


The necessity for power drives in aerial 
gunnery is immediately apparent from the 
desire for high fire power which demands 
more, larger, and heavier guns, and from 
the forces imposed on the guns by the 
wind velocities encountered with modern 
high-speed airplanes. Wind loadings 
on a twin caliber-0.50 turret for a modern 


bomber have been checked at between 300 ~ 


VOLTAGE DIVIDER 


Figure 1. Basic Amplidyne control circuit 


and 400 foot-pounds of torque, varying 
roughly sinusoidally as the turret is ro- 
tated through 360 degrees. In addition, 
such a turret with full complement of 
ammunition, armor plate, and accessories 
may weigh in the neighborhood of 700 to 
1,000 pounds, which must be accelerated 
quickly to meet the requirements of aerial 
combat. The top speed generally re- 
quired of aircraft turrets is about 10 rpm, 
which represents a figure somewhat over 
0.5 horsepower. Larger guns take up to 
lor 1.5 horsepower. Obviously, a human 
gunner could not maneuver the guns to 
any reasonable degree without the aid of a 
power drive. 

The requirements for a turret drive are 
quite stringent. The guns must be under 
perfect control at all times if accurate 
shooting is to be accomplished, and no 
looseness in the response to the controls 
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is to be tolerated. Perfectly smooth 


steady operation must be obtained over 
the entire speed range from zero to the 
top speed of the turret, and the turret 
speed should be as insensitive as possible 
to the changes in wind loading when it 
revolves. High accelerations and quick 
reversals must be obtainable, and the 


equipment must be light, simple, trouble- 


free, and easy to maintain. In addition, 
it must perform equally as well at alti- 
tudes of 40,000 feet and ambient tempera- 
tures of —65 degrees Fahrenheit as it 
does under normal conditions or under 
conditions of desert heat. Of course it 
must withstand the shocks and vibra- 
tions incident to use on military aircraft. 


Types of Drive Equipment 


Both hydraulic and _ electric-power- 
drive systems have been used successfully 
for turrets. The hydraulic drive was long 
favored because of the smoothness and 
slow speeds which were obtainable, and 
in more powerful designs because of its 
light weight. However, control difficul- 
ties, problems of leakage, cold weather 
troubles, and vulnerability have militated 
against it to an appreciable extent. At 
the present time, in this country at least, 
hydraulic turrets are in the minority. 

The wide range of load and speed re- 
quired makes an unusual control problem 
for aircraft electrical equipment. To date 


the most successful solution to it has been 


use of the Amplidyne type of generator, 
and by far the greatest majority of elec- 
tric turrets are now Amplidyne con- 
trolled. The Amplidyne is especially 
suited for turret control because of its 
quick response and high power amplifica- 
tion. These features permit accurate 


control and the use of a very small 


amount of control power, which means 
the utmost in small and simple control 
devices. 


Amplidyne Control Circuit 


Figure 1 illustrates the circuit in gen- 
eral use with Amplidyne turret drives for 
controlling the speed of the turret-drive 
motor. It is fundamentally a variable- 
voltage system with negative-voltage 
feedback for regulation and stability. 
The controlling means is a center-tapped 
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fo) 20 40 60 80 100 


% CONTROL HANDLE DISPLACEMENT 
FROM CENTER 


Figure 2. Typical speed-response curve for a 
turret 
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potentiometer fed from the airplane’s 
27-volt d-c supply, and exciting the low- 
wattage control field of the Amplidyne. 
Turret motor speed is controlled by vary- 
ing the magnitude and polarity of the 
Amplidyne field excitation. The turret 
motor is a separately excited shunt ma- 
chine, so it is necessary to compensate the 
Amplidyne (by means of a series field) 
somewhat over 100 per cent to overcome 
IR drop and inherent speed regulation of 
the motor, and thereby maintain good 
turret speed regulation under high loads. 
Such a system would be unstable by it- 
self at lower speeds and loads, and so a 
portion of the Amplidyne output voltage 
is fed back into the control field circuit 
for stabilization. This is obtained from a 
resistor which constitutes a voltage di- 
vider across the Amplidyne output. The 
field excitation is the difference between 
the potentiometer output and the voltage 
from this divider. The position of the 
divider tap determines the Amplidyne 
output voltage for any control potenti- 
ometer setting, making this in effect a 
speed regulator circuit. With a linear 
control potentiometer the turret speed 
characteristic, with respect to control 
handle displacement, is a straight line. 
This is quite positive and gives both 
high acceleration of the turret in response 
to the control handles and a dynamic 
braking effect for holding the turret 
steady against the wind, even when the 


control potentiometers are not energized. 
With the machines commonly in use 


this circuit has a time constant of re- 
sponse of about 0.04 second and can ac- 
celerate a turret up to 500 degrees per 
second per second. Because of the high 
inertias involved at such accelerations, 
it is necessary to antihunt the system. 
To accomplish this an additional field is 
connected across the Amplidyne output 
through a capacitor and is of such polar- 
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Typical turret-drive elementary 
diagram 


Figure 3. 
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ity as to buck down any voltage produced 


by the control field. This arrangement 
merely prevents an oversensitive Ampli- 
dyne from accelerating the turret too 
fast. 


Sluing Circuits for Amplidyne 
Control 


The basic circuit described previously 
is readily adaptable to modification by 
several types of additional control and 
safeguard circuits useful in turrets. One 


of the most important of these is a sluing 


circuit, which amounts to a gear shift 
for tracking speeds. When tracking a 
target the gunner seldom needs to 
operate the turret at a high rate of 
speed, and it is not desirable to have too 
great a change in rate for a given motion 
of the control handles, as this makes 
control more difficult. For tracking, a 
voltage divider tap is used which gives a 
maximum turret speed of 20 or 30 de- 


Figure 4. Amplidyne for turret drive and 
speed control 


grees per second, But the gunner also 
wants to be able to shift rapidly from one 
target to another, that is, slue the turret. 
This can be accomplished by changing 
the voltage divider tap so as to obtain 
full Amplidyne output. If desired, the 
tap can be changed gradually by means of 
another potentiometer geared to the 
control handles so as to change the slope 
of the response curve gradually, as shown 
in Figure 2. 


Limit Circuits for Amplidyne Control 


In addition, a limit circuit is often de- 
sirable to prevent the gunner from run- 
ning the guns down full speed into the 
side of the airplane. Such a circuit must 
have an automatic backout feature, and 
it must be simple. It is accomplished 
easily by having a limit switch short 
circuit that side of the control potenti- 
ometer which drives the guns toward the 
limit. 


Miscellaneous Circuit Modifications 
Generally an “action switch”’ or “‘dead- 
man’ isincorporated in the control handle 


to cut off power from the control potentio- 
meters when the handle is released. This 
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brakes on the turret to prevent its swing- 


Figure 5. Sectional view of typical turret 
motor showing brake coil and mechanism near 
pulley end ' 


is a safety feature to prevent the turre 
from swinging around in the event that 
the controls should be knocked acciden- 
tally when power is connected to the tur- 
Tek. , 
It often is considered desirable to have 


ing around in the wind when power is off. 
A nonreversible worm drive would ac- 
complish the same thing but is rather in- 
efficient. For this purpose some turret 
motors have brakes built into them, which 
release magnetically when power is ap- 
plied to the field. 1a 

Figure 3 shows a typical turret control 
circuit elementary for the elevation mo- 
tion. The Amplidyne is driven by a com 
pound-wound motor directly off the ship’s 
27-volt d-c supply. It is started by a re- 
lay, has thermal overload protection, and 
there is generally a radio-noise filter in 
the line. The turret motor field and 
brake are energized at the same time the 
Amplidyne is started, so as to prevent 
circulating currents flowing around the 
loop circuit between generator and motor 
armatures. The control potentiometer is 
energized by a separate “‘action switch,’ 
and sluing is obtained by means of a re- 
lay. Upper and lower limit switches with 
current-limiting resistors are included. 
Miscellaneous accessories are not shown. 


Turret Amplidynes 


The Amplidynes now in general use 
are two-bearing motor generator sets 12 
inches long and 29 pounds in weight (see 
Figure 4). The motor is compound 
wound with eight poles, rated at 27 volts 
and 44 amperes direct current. It runs in 
ball bearings at 8,300 rpm. The genera- 
tor is rated at 60 volts, 8.8 amperes (530 
watts) for ten minutes, and at this output 
requires about 60 milliamperes in the 25- 
ohm control field (0.1 watt). These ma- 
chines also have a 11/, minute rating of 
750 watts, corresponding to the maximum 
wind load torques on the turret, and will 
put out over 1,000 watts for short times, 
necessary for breaking away a frozen or 
iced-up turret. Because it is expected 
that they will not have long life in such an 
application, the temperature rise gener- 
ally is considered to be limited by what 
the commutators will stand before throw- 
ing solder, All connections are made 
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gure 6. Turret motor and gearbox showing 
inion to mesh with turret-ring gear and lever 
to declutch motor 


Gear reduction: 10 to 1 


rough a single AN connector, and two 
1eostats are mounted on the side for 
1unt adjustment of the compensating 
eld. A fan is located on the motor end 
f the machine, and all rotating parts are 
alanced dynamically. Vibration is quite 
nportant insofar as it affects generator 
mmimutation, which is extremely critical 
it smooth turret operation and correct 
mmpensation. Special brushes are used 
wr satisfactory life at high altitudes, con- 
stent with reasonable commutator and 
rush life at sea level. 


‘urret Drive Motors 


The drive motors for the turrets are 
ited at 60 volts armature and 27 volts 
eld, and generally are rated at 4,000 
9m. Good performance is required, 
owever, over the entire speed range and 
articularly at very low speeds. Sticky 
earings or any tendency for slot-locking 
ill give ragged turret performance at 
1e lowest speeds where accurate aim is 
sually most important. The motors 
ust be able to take whatever the Am- 
lidynes can put out, and this often may 
ean almost instantaneous reversal of 
aximum applied armature voltage. Of 
yurse they must run equally well in both 
rections, and the maximum speeds in 
yposite directions should be essentially 
jual. When space permits they are sup- 
ied with a fan for cooling, but its value 
questionable, as the motors must run 
- low speeds and full torque for much of 
ietime. A typical turret motor is shown 
Figure 5. It is seven inches long and 
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weighs about ten pounds. Its ten-minute 
rating is 0.5 horsepower at rated voltage 
and 8.3 amperes. Figure 6 shows a simi- 
lar motor mounted to a gear reduction 
box for driving a turret. Note that a 
lever is provided to declutch the worm- 
drive gearing to make the turret easier 
to rotate manually in the event of power 
failure. The over-all efficiency of a drive 
system using such motors and Ampli- 
dynes is in the neighborhood of 40 per 
cent (not including turret gear efficien- 
cies). 


Control Units for Turrets ( 


Satisfactory control equipment for 
easy, efficient, and accurate manipulation 
of the guns requires a carefully designed 
control unit. The controls above all must 
be simple and “‘natural;” that is, their ar- 
rangement must be such that their cor- 
rect operation is virtually instinctive, 
with as little as possible for the operator 
to learn. They must be operable with the 
minimum expenditure of thought and 
energy on.the part of the gunner, and they 
must be comfortable and easy to use. 
When it is considered that the gunner 
may have to operate the turret for many 


Joy-stick-type control unit for 


spherical turret 


Figure 7. 


Typical turret control unit with 
standardized grip arrangement 


Figure 8. 
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hours on end, often under conditions of | 
extreme temperature and altitude, it is 
understandable that much consideration 
must be given to the ease and comfort of 
his work if his efficiency is to be main- 
tained. 

Many types of control handle arrange- 
ments have been tried. Steering wheels, 
single or double joy-sticks, rotating grips 
as on a motorcycle, and various types of 
handle-bar arrangements all have been 


used. There is no doubt that operation 


of most any arrangement can be learned, 
and also that different turret arrange- 
ments may require different control ar- 
rangements. Figures 7 and 8 illustrate 
two typical control units, one a joy- 
stick type with pistol grip, and the 
other a double-grip arrangement. The 
former has been quite satisfactory in a 
spherical-type turret. For cylindrical 
turrets the double-grip arrangement of 
Figure 8 has been found most satisfac- 
tory, and it has been standardized wher- 
ever possible. In this arrangement both | 
grips move together and rotate on a hori- 
zontal shaft for elevation control and 
about a vertical axis midway between 
them for control of azimuth rotation. 
The two grips customarily are placed 
close together so as to be operated pri- 
marily by wrist motion, so as to mini- 
mize fatigue. Likewise, friction and 
inertia should be low, and any spring 
centering kept very light. However, 
there still must be enough friction and 
inertia to. give the operator something 


‘substantial to hold onto, when the air- 
_ plane bounces or maneuvers, without up- 


setting his degree of control. The inertia 
of the operator’s arms and body is impor- 
tant here in creating a control system 
which is not subject to jérking during ac- 
celeration. isk 
In this typical control unit the grips 
are of plastic material. Each grip has a 
lever on the side which, when depressed 
by the weight of the gunner’s hand, ener- 
gizes the control circuit. There is also a 
gun-firing trigger switch on each grip, 
operated by the forefinger, and a push 
button accessible to the thumb for sluing, 
or for an interphone if desired. The grips 
can rotate 221/. degrees either side of 
the center position for both elevation and 
azimuth control and are geared directly 
to the control potentiometers. The lat- 
ter are of sufficient diameter and close- 
wound with fine enough wire to give 
smooth control without noticeable steps 
in the change of speed. The upper por- 
tion of the unit is devoted to a control 
panel with switches, rheostats, and over- 
load resets to control the sight, firing cir- 
cuits, and miscellaneous accessory equip- 
ment. Connections are made through 
standard AN connectors and fittings. 


Electrical Accessory Equipment 


- The electrical gun-firing and accessory 
equipment being used on turrets nowa- 
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Influence of Electricity on Aircraft 


Instrumentation 


C. F. SAVAGE 


MEMBER AIEE 


Synopsis: Many factors have operated to 
set up conditions which haye been very 
favorable to the electrification of aircraft 
instrumentation. Two tabulations are pre- 
sented to indicate the extent to which elec- 
trical principles have been applied to com- 
mon aircraft instruments. The effects of 
increased size in aircraft, larger power 
plants, longer flight time, association with 
other equipment, and other factors upon 
instruments are discussed. The advantages 
of electric instruments are presented, and 
some possible future developments are 
noted. ; 


URRENT bibliographies on aircraft 
instruments list a reference to an 
early article dated 1904—40 years ago. 


' This paper, describing an altimeter, has 


s 


been followed by thousands more indicat- 
ing the interest and technical advance- 
ments in aircraft instruments. The 
needs of the aircraft industry have been 
met by the instrument manufacturers. 
Developments in instruments have paral- 
leled the rapid developments in aircraft 
due to the close co-operation of measure- 
ment and aeronautical engineers. A 
typical aircraft instrument panel is shown 
in Figure 1. 

Since few manufacturers feet eoheons 
plete line of aircraft instruments, an over- 
all listing of the devices included in this 


Aircraft instruments can be identified 
by the function which they perform. A 


tabulation made on this basis should be - 


of interest in cross-checking the needs of 
the aircraft with the instruments avail- 
able. Aircraft instruments can be 
grouped by the type of instrument and 
by the basic principle of operation. 
Because many factors have operated 
to set up conditions which have been very 
favorable to the electrification of aircraft 


instrumentation, particular emphasis can 


be placed on this effect by segregating 
the electric instruments from other types. 

The increase in use of electric instru- 
ments is traceable to the following factors: 


1 


2. Increase in size of power plants. 


Increase in size of aircraft. 


8. Longer flight time. 

4. Desirability to fly under adverse condi- 
tions. 

5. Nonelectrical methods not feasible. 

6. Association with other equipment. 

7, Adaptability to available power source. 


Since electric devices, other than in- 
struments, are being used in increasing 


numbers on aircraft, it is anticipated that . 


electric instrumentation will progress. 


Scope 


field is difficult to find. Textbooks, bul- 


letins, and trade catalogues list instru- 
ments under various classifications. The 
devices covered and the typing are seem, 
ingly influenced by popular terminology 
and the author’s particular interest. An- 


_ otherclassificationis not, then, out of order. 


days has reached considerable propor- 
tions. Guns are fired almost without 


-exception by electric solenoid devices 


mounted on the guns, and drawing from 
four to eight amperes. Usually both guns 
are fired simultaneously, although some- 
times provision is made for separate firing 
of the guns when desired. Cam-operated 
fire interrupter switches are used in these 
circuits to cut out the gun fire in inter- 
ference regions, so that gunners will not 
inadvertently shoot away the tail or wings 
of their own airplane. 

Because of the large amounts of am- 
munition carried, the feeds to the guns are 
long and tortuous, so that ammunition 
boosters are required. These are ratch- 
eted sprockets powered by small inter- 
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An instrument is normally considered 
a measuring device. Inthe control of any 
process, regardless of its nature, a measur- 
ing device may function in two ways:! 


1. It may give visual indication of events 
or conditions which may govern the manual 


mittently rated electric motors which 
operate when tension in the ammunition 
belt reaches a predetermined value. 
They generally take considerable current; 
20 amperes is not unusual. 

Automatic electrically driven movie 
cameras aimed along the line of fire are 
often used to record the effect of the gun- 
fire. They are energized whenever the 
firing trigger switches are closed. 

Additional electrical accessory equip- 
ment often used includes the interphone, 
a theostat-controlled power outlet for 
electrically heated clothing, defrosting 
heaters and fan for the Plexiglas dome, 
and usually a ‘‘trouble light”? on the end 
of a flexible cord for general illumination. 

The total power drain of a 27-volt 
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2. It may initiate actions which a 


adjustment of apparatus controlling thes 
events or conditions. 


matically adjust equipment — -controllir 
events or conditions. N “ 


Only instruments in n the first group 
considered, since control devices such ¢ 
voltage regulators, fuses, and speed- 
trol apparatus are included in the secor 
group. The aircraft industry operates: 
general within this definition. Two 
ceptions are warning lights, which 
not considered to be instruments, 
automatic pilots, which are classed 
instruments. Interlocking operation, 
easily accomplished by electrical mean 
makes the distinction between an inst: 
ment and a control device increasi 
difficult. 


Classification 


Table I shows aircraft instruments 
by basic type of measurement. This 
table may not be comprehensive, that is, 
it may not include all instruments, but it 
does show all instruments used in any 
quantity. Automatic pilots are not tabu- 
lated, since their function other than 
control is duplicated by other gyro in- 
struments. 

Table II shows the aircraft ‘nsicnmental 
segregated- into their classes: flight, 
navigational, engine, and miscellaneous — 
with the basic principle of operation 
listed. Further classification is made by 
dividing the instruments into groups in- 
dicating that the instruments operate as 
self-contained units or consist of two - 
units, a transmitter and a receiver, to 
give remote indication. The means by 
which the basic principle of operation is 
effected is also shown. 
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turret with everything running at once, 
and going at full speed against the wind 
may be well in the neighborhood of 175 
amperes. 
q 
Conclusion 4 
Amplidyne turret drive and control 
equipment is now in use on thousands of © 
turrets of several different types and 
manufacture all over the world. It lends 
itself readily to many control-circuit varia- 
tions and mechanical atrangements and | 
is eminently simple and easy to service 
and maintain. All reports have indicated 
that it is thoroughly reliable and performs 
its proper functions satisfactorily. 
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‘igure 1. Typical aircraft instrument panel 


There are some measurements, such as 
sxhaust-gas analysis, which are made 
only by electrical means. Some measure- 
ments, such as time, are made only by 
mechanical devices. 

It is indicated that many measurements 
can be made by devices utilizing both 
mechanical and electrical principles in 
their operation. While certain instru- 
ments, fuel-quantity gauges, for example, 
can be obtained operating on more than 
one principle, general usage is in favor of 
those utilizing electrical means. Figure 
2 shows the felative quantity of instru- 
ments available in the various classifica- 
tions. 


Factors Favoring Electric 
Instrumentation 


AIRPLANE SIZE 


The size of aircraft has increased tre- 
mendously. Wing spreads over 200 feet 
are not uncommon. Engines are placed 
out on the wings with the obvious result 
that engine instruments are principally 
electrical in operation or utilize electric 
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B 
CLASSIFICATION 


Figure 2. Summary showing relative quantity 
of instruments in various classifications 
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transmission. Electric tachometers elimi- 
nate the impossible task of using flexible 
cable drive through a distance of as much 
as 60 feet between the engine and the in- 
strument panel. The saving in weight 
by eliminating the use of cable is many 


pounds. Synchronization of multiple en- 
gines is indicated easily by electric syn- 
chroscopes operating from tachometer 
generators. 

Many pressure indicating devices uti- 
lize electrical transmission to eliminate 
long heavy pipe lines, thus reducing in- 
stallation costs, maintenance difficulties, 
and operational hazards by avoiding the 
danger of leaks and by decreasing vul- 
nerability to gunfire. 

Other parts of the airplane are often 
so far from instrument or control panels 
that the electrical method is the only 
practical means of measurement. Gaso- 
line tanks are multiple in number and 
placed in all parts of the airplane. Land- 
ing gear, flaps, and so forth cannot be 
seen by the pilot, and position indication 
must be provided. . 

Remote-indicating electrical com- 
passes”: are a necessity because of the im- 
possibility of maintaining a uniform mag- 
netic field in the cockpit. The pickup ele- 
ment must be located in a remote posi- 
tion, such as the tail or wing, to secure 
accurate readings. 

Much has been written on the subject 
of power systems in aircraft. Increased 
power loads and the use of 400-cycle 
supply dictates the use of ammeters, 
voltmeters, wattmeters, and so forth, 
to assure proper control. 


Table |. Classification of Aircraft Instruments 


Specific Measurements Instruments 
1, Measurement of Quantity 
Etrel, quantity se... ce s%.. Flowmeter 
Solids, liquids, gases... ...... | Airplane height......... Radio altimeter 
Absolute.... 1 Ice accumulation........ Rate-of-ice-accumulation indicator 
BSetricitygsrentac cei elect Bleateigload ie oske,= hesisiet Ammeter 


y fs Mechanical.. Engine horsepower.,.....Horsepower indicator 
‘ie Regvecheor anes ower. { Electrical.... Generator load.......... Wattmeter 
2. Measurement of Quality ; 
Composition analysis. ........2.....s... + Fuel mixture............Exhaust-gas analyzer 
3. Measurement of Condition 
Outside air 
Oil 
t ’ Coolant .. Thermometer 
“Temperature foros gate us rae Os tect seein Carburetor mixture 
: Inside air ry 
Engine cylinder } Th 1 
Wee exuanee .... Thermocouple 
Oil 
Fuel 
PTE CEs or Geen Ooh 6 JNARwen sig Chote Manifold ....Pressure gauge 
Suction 
Deicing equipment 
Engine rpm....,........ Tachometer 
Engine synchronism. .,... Synchroscope 
Speed Airplane rotation...... .. Rate of turn indicator 
De AS Ok ea a ok, ed Airplane acceleration. ...Accelerometer 
. | Electrical frequency. ....Frequency meter 
Airplane forward speed. . Air-speed indicator 
Potential), sictscsi sce scot stgeee ae ebets ences keeuat Electric potential........ “Voltmeter 
x , { Oil quantity } Fae NCS Liquid-level gauge 
Fuel quantity 
Wheel position 
Flap position Postion ind 
@ikeoolér Hay podtion (ee osition indicator 
Cowl flap position 
BEES SEBO 4 Level Might: «sc. recess ects Gyro-flight indicator 
Direction. css.ncanes ...- Directional gyro, compass 
Wielgitt.jaca «cae om cle Comte Altimeter 
Displacement: <2... +. + Change in height....... Rate-of-climb indicator 
Pitch angles. alvsicteias ek Inclinometer 
| Stall conditions.........Stall indicator 
: POTGEES evateton stereo leyeinreis Driftmeter 
SUNEINEY Foe Ra Taine Ss eae PP Seont eer Clock 
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POWER PLANTS 


- As the size of aircraft engines has in- 
creased, the necessity for improved con- 
trol has been noted. Carburetor air tem 
perature requires a sensitive measuring 
device capable of following quickly any 
change in temperature. The resistance 
bulb and ratio-type temperature indicator 
fills this need. Improved cylinder-head 
temperature indicators are being de- 
veloped to permit engines to be operated 
at higher efficiency. The position of cowl 
flaps and oil-cooler flaps is indicated by 
electric instruments. 

The very high temperatures encoun- 
tered in jet-propulsion engines are being 


Table II]. Operating Principles of Aircraft Instruments 


measured by thermocouples which con-— 


stitute the only practical means. _ 
Longer flights dictate rigid maintenance 


to flight schedules and the attainment of 


high efficiency in operation. Fuel flow- 
meters, utilizing electrical transmission, 
are standard equipment. New and im- 
proved horsepower indicators‘ aid in ob- 
taining efficient engine performance. 


FLIGHT CONDITIONS 


Airplane performance has been im- 
proved, so that flights are made under ex- 
treme conditions of weather, altitude, and 
temperature. Electric instruments aid 
by providing not only good performance 


in general under these conditions, but 
provide some specialized indicatio 
Rate-of-ice-accumulation instruments 
electronically operated. Pressurized c 
ins for high-altitude flight present 
cult problems in that the tubing 
other connections for mechanically op 
ated instruments must be sealed at th 
point of cabin entry. Airtight elec 
connections are made easily by gaske 
lead-in studs. 


LIMITED METHODS 


Certain measurements are made 
one type of instrument because no othi 
method appears practical. Clocks wil 


Self-Contained 


Remote Indicating 


lyzer 


Miscellaneous Instruments 
Position indicators 


Direct current— 
permanent- 
magnet mov- 
ing coil 

Alternating cur- 
rent—moving- 
iron vane 

Wattmeters Electrodynamic 

Frequency meters Series resonance 

Ice accumulation ‘. 


Ammeter 


Volt meters 
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Me- 
chan- Me- Me- 
‘ical- chanical- chanical= 
: “ Elec- Pneu- . Mechanical- Mechanical- Pneu- 
Class—Instrument © Electrical Mechanical trical matic Electrical Mechanical Electrical Hydraulic matic 
Flight Instruments 
Altimeter Aneroid 
Rate of climb Manometer 
Air speed _ Man-meter 
Free-air tempera- Resistance meas- Pressure gauge : 
ture 5 urement 
Accelerometer ' Mass measure- 
y ment 
Inclinometer Pendulum : : 
Flight indicator Gyroscope Gyroscope 
Rate of turn indi- Gyroscope Gyroscope 
cator 
Stall indicator Pressure = a 
switch ¥ 
Navigational Instruments ‘ 7 
Directional gyroscope Gyroscope Gyroscope 
Compass Compass Magnetic satu- Compass-magnetic 
_ ration saturation 
Clock Escapement 
Driftmeter Telescope : b 
Engine Instruments 
Pressure indicators Pressure gauge— Pressure gauge— 
electric transmis- hydraulic 
; pea sion transmission 
Temperature indi- Bimetal Resistance meas- P : Pressure gauge \ 
cators urement and : 
thermocouples 
Tachometer Magnetic-drag Magnetic-drag 
electric trans- machine 
: mission couplin 
Synchroscope Frequency com- pee 
ee ‘ F parison : 
ve and oiu-quan- Sight-gauge and Float level—electric Float level—hy- 
tity gauge float type transmission draulic trans- 
Flowmeter Volumetric Volumetric emis i 
pump pump : 
Presstire Electric 
Measure- | trans- 
ment mis- 
Velocity sion 
measure- 
Horsepower indica- ean ed torque 
tor and speed indi- ‘ 
Exhaust—gas ana- Thermal conduc- baa, ! 


tivity—tresist- 
ance measure- 
ment 


Resistance meas- 
urement 


Capacitance 
measurement 
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ELECTRICAL ENGINEERING 


Components of an_ electric 
hydraulic automatic pilot 


ure «3. 


wt 


tinue to be mechanical until better 
ulated electric power sources are avail- 
e. Exhaust-gas analyzers and distant 
ding compasses have been mentioned 
viously. Radio altimeters are the only 
truments available for obtaining ab- 
ite height above ground. It is ex- 
ted that instruments operating en- 
ly on electrical principles will assist in 
aining better fuel quantity measure- 
nts. 


SOCIATED EQUIPMENT 


‘lectric instrumentation is easily 
pted to meet requirements calling for 
combination of two or more measure- 
nts or of measurement and control 
ctions. The horsepower indicator 
nbines engine torque and speed. The 
‘tric tachometer and synchroscope 
rk as a team. Electric compasses are 
d to control the precession of direc- 
1al gyroscopes. Moreover, the remote 
alization of several measurements can 


OMATIC 
\NDING | 


[ELEcTRIC| ELECTRIC 
FLIGHT | {DIRECTIONAL 
INDICATOR} | GYRO 


PILOT 
EQUIPMENT 


TORPEDO 
DIRECTOR 


iré 4. Possible airplane functions con- 


trolled by electric automatic pilots 
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be effected easily to determine, for ex- 
ample, the total quantity of fuel in a num- 
ber of separate tanks.® 

Electric gyroscopes, as used in auto- 
matic pilots, are outstanding examples 
of combined instrumentation and con- 
trol. Figure 3 illustrates the components 
of an electric-hydraulic automatic pilot. 
The electrically operated gyro instru- 
ments® incorporate electric pickoffs which ° 
give the required signal for automatic 
pilot control. The operation of the flight 
indicator and the directional gyroscope 
as indicating instruments is not impaired, 
since the signal power required is negli- 
gible. Electronic amplifiers provide 
means for obtaining any power step-up 


A : 
ss sisrok 
UNLIMITED - 
ROTATION EQUALLY Sracee 


TRANSMITTER 


400% 


TRANSMITTER INDICATOR 


Figure 5. Typical circuit 


A. D-c remote indication 

B. A-cremote indication 

C. A-c remote indication—induced second- 
harmonic system 
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- others. 


required, Figure 4 identifies the func- 
tions which can be controlled by electric 
pilot instruments. 

Other examples of associated instru- 
mentation and control are overspeed 
control of turbosuperchargers which uti- 
lizes the tachometer generator, combining 
positioning motors and position trans- 
mitters, and automatic propeller syn- 
chronization. ; 


ADAPTABILITY TO POWER SOURCE 


Many instruments are available in 
forms to operate from d-c or a-c power 
sources. In addition, inverters, con- . 
verters, and rectifiers can be used so that 


_ electrical instruments are applicable re- 


gardless of the electric system of the air- 
plane.’ Figure 5 illustrates circuits com- 
monly used for remote transmission of 
aircraft measurements. 


Conclusion 


A review of the common aircraft in- 
struments indicates that many operate 
only on ‘electrical principles and that 
electric transmission for remote indica- 
tion has been applied extensively to 
A few instruments cannot be 
improved by the use of electricity because 
of their inherent principles of operation 
or method of application, and these, no 
doubt, will continue to be mechanical. 

Many factors have influenced the 
electrification of aircraft instruments. 
Because of the work done, the instru- 
ment needs of the aircraft manufacturer 
have been met, and many new instru- 
ments having superior characteristics 
have been developed. It is anticipated 
that technical improvement in aircraft 
instrumentation will continue, and that 
the benefits obtained from the use of . 
electricity in this field will increase. 
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Brief Survey of Power-Supply 
Developments on British Aircraft 


P. W. CARTER 


NONMEMEBER AIEE 


HIS paper covers the development 

in broad outline of electric generating 
equipment and systems on British air- 
craft from the 1920’s up to the present 
time. The coverage, of necessity, must 
be very sketchy, but it is hoped that out- 
lining British development in its approxi- 
mate chronological order may be helpful 
in comparison with American develop- 
ment over the same period. No attempt 
will be made to go into great detail, and 
so pictures and curves have been omitted. 


D-C Power Supplies 


Early airplanes, which were mostly of 
the biplane type, used exclusively the so- 
called 12-volt d-c system. Power was 
supplied by a ‘‘windmill’-driven genera- 
tor of 14 volts 500 watts capacity. 
“Windmill” is the British word for the 
wooden or metal propeller which was ac- 
tuated by the slip stream of the aircraft, 
thus rotating the generator armature at 
its rated speed of approximately 5,000 
rpm at the normal cruising speed of the 
airplane. Various ‘“‘windmills’’ of differ- 
ing pitch were available to take care of 
the various aircraft which had naturally 
differing cruising speeds. The generator 
- was built in streamlined form and was 
mounted usually on the wing. Connec- 
tion was made at the rear end by a plug 
and socket, and the weight of the com- 
plete assembly was about 20 pounds. 
Cooling was, of course, by the slip stream 
and care had to be exercised not to load 
up the generator to its maximum ca- 
_ pacity when running up on the ground 
for test purposes; 40 per cent full load 
was the specified safe limit under these 
conditions unless an air blast was avail- 
able. ied 

Voltage control of these generators was 
achieved by a vibrating reed or Tirrill 
regulator, and also in the same box was 
located the reverse-current relay. It is 
worthy of note that these early regulators 
were screened in a metal box to minimize 
radio interference and the connecting 
cable was screened for the same purpose. 
Round about 1935, research and develop- 
ment were accelerated for obvious rea- 

sons which need not be discussed here, 
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and about that time the airplanes which 
were destined to be our mainstays during 
the early part of the war were in various 
stages of development or production. 
These were the Spitfire and Hurricane 
fighters and the Whitley, Wellington, 
Hampden, and Blenheim bombers. All 
of these were fitted with a new type of 
engine-driven generator with self-regu- 
lating characteristics, which had been 
developed. The adoption of this genera- 
tor, by rendering an external voltage 
regulator unnecessary, solved troubles 
which had been experienced with Tirrill 
regulators, the most bothersome of which 


» had been radio interference. 


It may be of interest to describe this 
generator in some detail. Three field 
windings were provided, a shunt winding 
for the primary excitation, a series wind- 
ing to compensate for voltage drop in the 
generator due to load and thirdly, a con- 
trol winding. This latter winding was 
arranged to carry battery-charge current 
only, and the resultant field was in such a 
direction as to check rising voltage with 
increasing engine speed, by the tendency 
to increase charge current. The prin- 
ciple worked out reasonably well in prac- 
tice, but, like all excursions into new 
regions, it created its own peculiar prob- 
lems which will be noted later. Cooling 
of these units was by air blast, the whole 
of the generator yoke being surrounded 
by an airspace. Power requirements 
also had increased, so that these genera- 
tors were made available in 500 and 
1,000 watt sizes at both 14 and 28 volts 
and weighing 22 pounds and 36 pounds, 
respectively. The speed range for rated 
full load was 3,000 to 5,500 rpm. It was 
during this period that the 24-volt system 
was tending to oust the 12-volt. 

Experience with these generators under 
combat conditions during the early 
phases of the war revealed the limitations 
governing their performance. The bat- 
tery-charge current varied between zero 
and approximately ten amperes for volt- 
age control and, in general, bore no rela- 


tion to the state of charge of the battery 


itself. Thus, if a battery were discharged 
by ground tests and repeated engine 
starting, the battery could not accept a 
heavy recharging current during flight, 
and undercharged batteries, useless in a 
crisis, resulted. Further a fixed resist- 
ance, switched into the field circuit by 
the engineer when the voltage reached 
14.5 volts, had been found necessary, 
but this needed vigilance and was there- 
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fore undesirable. Another undesirar 
feature was that a resistance had to | 
substituted for the battery when f# 
latter was removed from the airplan 
otherwise the generator was uncontrolle 
if the engine was run up. Lastly # 
voltage characteristics were not stah 
enough to allow paralleling, and this la 
problem rapidly was becoming im 
portant. 
_ The power-supply policy therefo 
swung back to shunt-wound generate 
with external ‘voltage control, and tk 
movement was accelerated by the d 
velopment of carbon-pile voltage regul 
tors. The generators were built primari 
for 24-volt systems but 14-volt uni 
were made available in the 500-watt sii 
for incorporation in later Spitfire ar 
Hurricane aircraft. The speed range r 
mained the same, and it is worth notin 
here that differing speed range, mountin 
pads, and drive shafts are the chief stun 
bling blocks to standardization betwee 
American and British units. A new un 
of 1,500-watt capacity was added to tk 
range, this being entirely due to improvi 
ments to the existing 1,000-watt model 
A brief history of British developmet 
of the carbon-pile voltage regulator i 
aircraft use may be of interest her 
The principle is, of course, not new. Th 
first model to go into production differe 
widely from the type now in general t 
and in some aspects this early regulate 
possessed definite advantages over th 
now standard model. The pile was & 
posed and not enclosed in a ceramic tube 
and the compression on the carbon stae 
was effected through a link system givitt 
longer travels which were more easil 
controllable. The magnet system con 
sisted of a specially shaped armatur 
rotating on ball bearings between th 
magnet pole shoes, and a dashpot with 
graphite piston was provided for dampin 
to prevent hunting. Temperature com 
pensation was provided by an Invar roé 
It should be noted that on all British regu 
lators current control is incorporated t 
provide a voltage characteristic fallin 
from 28.5 volts to 26 volts with increas 
of load. These early regulators wet 
comparatively expensive to produce, an¢ 
a simpler type having shown promise, th 
former was gradually superseded by th 
latter. This is the Newton type, and it: 
substantially the same as the regulate 
which are being produced in quant 
here in America, and so it is not propos 
to describe this in detail here. 
The equipment described in the 
two paragraphs is that with which, mos 
of the current British aircraft af 
equipped, and it is proposed now ft 
sketch briefly present developments i 
the d-c field; the position regarding a. 
development will be. treated separatel 
and discussed later. Two generato 
will soon be in production, one of 3,0€ 
watts capacity and the second of 6,0 
watts. By a curious coincidence th 
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types O and P, and thus they corre- 
nd in output to American units of 
ilar nomenclature. The weights are 
ounds and 55 pounds respectively, but 
; believed that an improved 3,000-watt 
del is under development weighing 35 
inds. These figures compare unfavor- 
y with the American designs, but it 
st be remembered that the speed 
ge remains 3,000 to 5,500 rpm, and ° 
) that the rated output is given con- 
lously. 
foltage regulators have been im- 
ved in detail, and the most important 
nge has been to provide two carbon 
ks in series in the one regulator, one 
voltage control and the other to act 
1 current limiter instead of the voltage 
and current coil operating on onestack. 
single-generator installations the volt- 
control keeps the voltage constant up 
the rated output of the machine, and 
n the current limiter comes into opera- 
ito drop the voltage sharply. In multi- 
ine aircraft where generators are 
alleled, each regulator gives a falling 
tage characteristic with load until 
load on each generator is reached, 
sr which the current limiters act as 
ore. In addition the load current is 
en through a small coil acting on the 
tage pile to reduce the voltage of the 
erator if it tends to take more than 
share of the combined load. 
iXperiment and research are going 
ward with the paralleling of four of 
se larger 6,000-watt units in order to 
stable installations. The scheme 
wing most promise incorporates a 
h master regulator which is actuated 
the bus-bar voltage to keep this sub- 
ntially constant, irrespective of the 
tage tendencies of the individual gen- 
tors feeding the system. As already 
lained, each generator is controlled 
its regulator to give a falling voltage 
racteristic with load, and also com- 
sation is provided for equal load di- 
ion. In addition a tapping is taken 
m the swamping resistance in series 
h the voltage coil of each regulator, 
sw volts up from the negative bus-bar 
l. These four tappings are strapped | 
ether, and the carbon stack of the 
ster regulator is placed between this 
nmon point and negative, that is, in 
allel with the sections of the swamping 
stances. The pile is actuated by a 
| across the positive and negative bus 
s, and is arranged to open with falling 
i close with rising voltage. The com- 
ation thus gives substantially con- 
nt bus-bar voltage, even though the 
tages of the generators’ individually 
tending to fall with load. 


dio and Radar Power Supplies 
\t about the same time that d-c sup- 


s were being obtained from a ‘‘wind- 
l’’-driven generator, radio power was 
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also derived from a similarly actuated 
source. This streamlined machine was 
built to give 0.1 ampere at 1,200 volts 
and four amperes at ten volts, weighed 20 
pounds, and was designed to run at a 
constant speed of 3,500 rpm. To give 
this last characteristic a slipping clutch, 
or a variable pitch “windmill,” was used. 

Following this, a range of motor gen- 
erators was built which ran off the air- 
craft electric system. The outputs were 
in all cases 80 watts either at 1,200 volts 
or 600 volts, and the inputs were 12 volts 
or 24 volts to suit the aircraft main power 
supplies. These units weighed about 12 
pounds and were approximately 4.5 
inches in diameter by llincheslong. An 
interesting point here is that a limit of 80 
watts was placed on radio requirements 
from the aircraft battery, until the sum- 
mer of 1939, when the demand suddenly 
was jumped to 750 watts. 

Then came the war, and the urgent 
need for more and more power for radio 
and radar arose, and thus was born the 
engine-driven alternator, which to this 
day is the method most favored by the 
British for obtaining this power. The 
first model to go into production was a 
single-phase alternator rated 500 watts 
at 80 volts rms, and when fitted to British 
engines its speed range was 3,000 to 5,500 
rpm. The frequency was 1,300 cycles 
per second at 3,000 rpm. Incidentally, 
it is not known by the writer what reasons 
governed the adoption by the British of 
80 volts and the frequency range 1,200 
to 2,400 cycles per second as the stand- 
ards for these supplies. 

The design of these alternators permits 
of a very robust mechanical unit. The 
field is energized by direct current from 
the aircraft's main d-c power supply, 
and no windings are placed on the rotat- 
ing mass, the field coils being positioned 
on a conical-shaped projection of the end 
plate, which is bored to receive a cylindri- 
cal part of the rotor. The stator with the 
a-c windings is fixed to the yoke, and 
there are 24 teeth on the inside periphery. 
Aligned with the stator teeth are the rotor 
teeth, 26 in number, so that a pair of 
teeth coincide 26 times per revolution. 
The flux path is thus from the conical 
projection across the constant air gap to 
the cylindrical part of the rotor along 
the rotor to the teeth and across the air 
gap to the stator teeth. The magnetic 
circuit then is completed through the 
yoke. The flux is unidirectional but 
varies in magnitude because of the varia- 
tion in reluctance of the magnetic path 
between rotor and stator teeth and the 
coincidence of these together with the 
speed determined the frequency. 

Round about this time we were receiv- 
ing Hudson aircraft built by the Lock- 
heed Aircraft Corporation, and, of course, 
the aforementioned units were not suit- 
able for the American engines powering 
those airplanes. A new unit of similar 
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output therefore was produced with the 
necessary American standard flange and 
drive shaft. This gave full output at 
2,000 rpm and upwards, the frequency at 
2,000 rpm being 866 cycles per second. 

However, not all aircraft are multi- 
engined and on single-engined airplanes 
no pads are available for the alternator 
if a d-c generator is fitted. To meet this 
situation, a range of dual machines was 
produced in which the d-c armature is 
on an extension of the rotor, and the one 
body carries the alternator stator and 
the d-c generator poles. Outputs were 
500 watts alternating current plus 500 
or 1,000 watts direct current, the varia- 
tions being on the d-c side, the latter 
could be a plain shunt machine or one of 
the self-regulating type. 

Recently two more alternators have 
made their appearance similar in con- 
struction to those already described but 
with increased outputs of 1,200 watts. 
One is suitable for British engines whereas — 
the other is designed for American drives. 

The latest design of dual machine isa . 
combination of this 1,200-watt alternator 
and the 3,000-watt d-c generator. This 
unit incorporates all the improvements 
resulting from experience on previous 
generators. The d-c portion is a normal 
six-pole shunt machine with compen- 
sating windings, and the alternator half 
has already been described. Full output 
is obtained at a minimum speed of 3,000 
rpm with air-blast cooling of 100 cubic 
feet per minute, the frequency at that 
speed being 1,200 cycles per second. The 
weight is 51 pounds. 

Also under development are engine- 
driven alternators of 3,500 watts and 
6,000 watts capacity, the weight of the 
former being about 35 pounds while that 
of the latter is unknown. 

In the field of alternating current for 
aircraft power supplies, the only installa- 
tion at the moment does not derive the 
power from an engine-driven alternator 


‘through a constant-speed device, but 


rather from auxiliary generating plants. 
The system is 110 volts, three phase, 250 
cycles, but it is believed that this voltage 
and frequency have not been definitely 
frozen for future projects, and it is hoped 
that standardization with American prac- 
tice may be achieved. Two units are 
installed in the aircraft, independent of 
one another, one being used while the 
other is a standby. The weight of each 
is 450 pounds complete. Each alternator 
is rated 20 kw at 3,750 rpm, and a d-c gen- 
erator of three kilowatts at 28 volts and 
an exciter of 750 watts are included in 
each unit. Some development is going 
forward with constant-speed devices, an 
eddy-current coupling being one ap- 
proach, but the weight of this device is 
excessive. Another approach is a slip- 
ping device with tapered rollers, but no 
information is available on the progress 
of this project. 
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Requirements for Low-Voltage 


Aircraft Cable 


R. E. HEDGES 


ASSOCIATE AIEE 


Synopsis: This paper presents the basic 
requirements to be expected of any electric 
cable which is considered for use in aircraft. 
A few of the problems encountered in form- 
ing a cable specification are presented, along 
with factors to be considered in establishing 
valid test procedures. The author has 
not attempted to give solutions to the prob- 
lems presented, but rather to acquaint the 
reader with the fact that a major problem 
does exist in designing an electric cable 
suitable for use in aircraft, and that many 
factors which are extremely variable must 
be considered before an adequate solution 
can be found. 


LECTRIC wiring designed for air- 

craft probably is required to withstand 
a wider range of operating conditions 
than most other types of electric wiring. 
This is not surprising since present air- 
planes, both combat and commercial 
types, are expected to be able to fly any- 
where in the world under all kinds of 
weather conditions. Repair of a damaged 
airplane in remote parts of the world must 
be accomplished with a minimum of re- 
placement parts, and probably only basic 
tools, such as screw driver, pliers, ham- 
mer, and wrench. In many cases repairs 
can be made only by salvaging parts from 
other airplanes. If the original electric 
wiring of an airplane is properly designed, 
installed, and protected against damage 
due to overloads, short circuits, insulation 
failure, abrasion, fluids, and fungus 
growth, and so forth, a great deal of wire 
replacement and maintenance will have 
been eliminated in both combat and com- 
mercial types of aircraft, although in com- 
bat airplanes the larger percentage of wire 
replacement is caused by gunfire damage. 


_ The following basic requirements are to 


' be expected of any electric wiring con- 
sidered for use in aircraft: 


1. Minimum Weight. Unnecessary 
weight is expensive in an airplane because it 
results in a reduction of the performance 
characteristics and the range. A one-pound 
increase in the weight of an airplane when 
empty easily may result in three pounds 
increase in the gross weight because of the 
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weight of additional structure and fuel 
needed to carry it. This shows that a con- 
siderable reduction of ‘‘pay load” results 
when additional structure and fuel are uti- 
lized to carry unnecessary equipment weight. 


2. Minimum Diameter. Excessive wire 
diameter reflects itself in extra weight. 
Bundles of wire with excessive diameter will 
necessitate larger clips to hold them in place. 
Routing enlarged bundles through the 
structure may mean an increase’in the size 
of openings through stressed portions of the 
airplane and result in weakening the struc- 
ture unless an additional thickness of metal 
is used around the openings which have been 
enlarged. The additional strengthening 
material means added weight. If the di- 
ameter of the bare stranded conductor is 
larger than necessary, the diameter of the 
shank of the terminal lugs will have to be 
increased to accommodate the enlarged 
wire. An oversize in conductor diameter 
means that more insulation material and 
braid will be necessary to cover the wire. 
The size of the ‘‘insulation-grip”’ type of ter- 
minal, sometimes used on smaller-gauge 
wires, also will be increased. With the 
realization that most airplanes carry several 
thousand feet of electric wiring, and some 
of the larger transport airplanes carry sev- 
eral miles of electric wiring, it is easy to see 
that a small increase in size in the individual 
conductor can result in an appreciable in- 
crease in the weight of the finished airplane. 


3. Noninflammability. The insulation 
on electric cable can be ignited by either a 
sustained short circuit or a flame external to 
the wire. If the insulation is not self- 
extinguishing, the burning wire becomes ex- 
tremely hazardous, since it may propagate 
the flame from one point in the airplane to 
another, and it can ignite other inflammable 
materials and be the cause of a major fire. 
This dangerous situation has been intensified 
in the present-day combat and cargo 
types of airplane, because of the use of open 
wiring throughout the airplane. The insu- 
lation on wiring should be self-extinguishing, 


4. Wide Temperature Limits. Wire and 
its insulation should show no signs of failure 
when used in ambient temperatures between 
+125 and —70 degrees centigrade. A 
military airplane used in Arctic regions to- 
day may be transferred to equatorial regions 
next week. For maintenance the wire must 
be capable of being bent and flexed at all 
temperatures without damage to the pri- 
mary insulation. For operation the wire 
must be capable of standing the ovenlike 
heat in the engine section of an airplane 
which has just returned from a flight and is 
allowed to stand in a blazing tropical sun- 
light while the engine ‘‘cools off,”’ 


5. Abrasion Resistance. The braid cov- 
ering of an aircraft wire must be capable of 


fran dhcaiiey Voltage Aircraft Cable 


_ when passing through a chain-electro 


Establishment of a Specification f 


woo 


GuReaene a great deal of abtees 
stallation and service. During instal 
and assembly, wiring is subjected to 
pulled through small openings and acre 
sharp metal em and to general roug 
In service-vibration ar 


piece of structure or chafe against the 
of an opening through which the wire passe : 


6. Fluid Resistance. Engine oil, 
draulic fluid, high-octane gasoline, 
water, alcohol, ethylene glycol, and 
other fluid likely to be encountered sh 
have no effect upon the outer prote 
coating of the wire. Open wiring in 
engine nacelles, wheel wells, and other 
posed sections is subject to all of the 
mentioned fluids during operation and 
tenance and therefore should not be ma 
tially damaged oe exposure to any or all: 
them. oN 


7. Fungus Resistance. This Prone 
most important for airplanes used in tro 
areas where high heat can be accomp: 
by high humidity. Wiring inside equ: 
ment and in confined parts of the fus 
may be attacked by fungus which will ¢ 
destruction of wire insulation and requi 
early replacement. } 


8. Maximum Current Capacity. In 
28.5-volt d-c electric system the maxim: 
current-carrying capacity is limited in — 
most all cases by the maximum allo 
line-voltage drop rather than the ratin 
the wire. The allowable line-voltage 
has been set by specification and is depe ae 
ent upon the operating requirements 0} 
equipment. In the larger airplanes almo 
every circuit is carrying only a fraction 
the current it is capable of handling beca 
of the voltage-drop limit. A few circui 
carry their rated’ current, but in these 
lated cases the length of wire between 
main bus and the apparatus is very sh 
and the wire capacity can be utilized wi 
exceeding the voltage-drop limit. 

9. High Dielectric Strength. Within 
range of operation of present-day air 
pressure altitude and relative humid 
changes have no measurable effect upor 
dielectric strength of wiring insulati 
Pressure altitudes varying from sea level 
50,000 feet, and relative humidity from 
100 per cent are encountered. The 
voltage of from 2,000 to 5,000 volts whi 
the finished cable is required to withs 


spark-test machine is for the purpose of 
covering flaws in the insulation mat 
such as a thin-walled section of insulatior 
small chip of metal in the material, an 
bubble, or any other flaw which might cat 
mechanical or electrical insulation 
during installation and service. Low 
voltages of a magnitude approximating th 
maximums that actually may be enco 
tered would not be sufficient for revealit 
hazardous insulation flaws. 


Aircraft Cable 


In order that the. + wire manufactur 
might have a requirement basis up 
which the design and construction of ¢ 
acceptable aircraft cable could be b 
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mpts have been made to formulate a 
ification for low-voltage aircraft elec- 
cable.. To aid in the determination of 
ecification suitable to the Army and 
y, the aircraft industry, and the wire 
ufacturers, the Technical Advisory 
mittee on Aircraft Cable (TACAC) 
been established, whose membership 
ides representatives of these organiza- 
s. A specification acceptable to all 
ered has been difficult to achieve, 
2 each group has different problems 
ideas concerning the same subject. 
present specification resulting from 
nsive investigation is an Army-Navy 
mattical Specification A N-J-C-48. 


Performance Specification. This type 
pecification presents the performance 
irements to be met by a manufacturer’s 
uct. Specific test procedures are pre- 
sd which are considered valid tests for 
rmining whether or not a product is 
ptable. 
-d by production limitations, design re- 
ements, and specific uses, the manufac- 
r has considerable freedom in the design 

construction of electric cable. Any 
ible material may be used, provided the 
rmance requirements are met. This is 
nost desirable type of specification if the 
mum requirements are set high enough, 
2 it encourages the manufacturer to de- 
bp new materials and methods of manu- 
ire. 


Manufacturing Specification. This 
of specification is the most rigid of all, 
s it specifies how a product is to be de- 
sd, what materials are to be used, and 
t manufacturing process is to be used. 
little deviation by the manufacturer is 
ated. This type of specification should 
voided unless absolutely necessary, since 
es not encourage design development on 
art of the manufacturer. 


ery few specifications can be classified 
rely as one of the preceding types, 
> most of them are a combination of 
| types. Wire specifications are 
ily of the performance type. In some 
ances, however, desired wire char- 
ristics can be attained only by use of 
known material or manufacturing 
ess, and therefore use of that material 
rocess must be made mandatory. In 
r instances, several materials ca- 
e of yielding the desired characteris- 
if properly used, may be known, but 
ay not be feasible to set up a test pro- 
re which will validly compare the 
ive merits of the several known ma- 
Is. In this case, the use of a par- 


ar material may be made mandatory ~ 


| a test procedure is established which 
weigh the relative merits of the sev- 
materials. 


iblishment of Valid Test 
rocedures 


writing a specification for low-volt- 
aircraft wire, stating the qualities 
a wire should have in order to meet 
specification is a relatively easy mat- 
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Within certain limits, deter- 


ter. The most difficult part is the estab- 


lishment of test procedures which will give: 


a valid measure of whether or not a par- 
ticular type of wire will have the desired 
qualities and will be satisfactory for use in 
aircraft. For every type of qualification 
test, a large number of variable factors 
must be considered. Controlled. labora- 
tory tests and procedures should be de- 
signed to reproduce conditions to which 
the wires will be subjected during installa- 
tion and service. 


1. To establish a valid test procedure for 
determination of the flammability of wire 
the following factors are important: 


(a). Wiring position is an uncontrolled 
variable, but is an important variable inso- 
far as fire and flame rate of travel is con- 
cerned. Wire insulation will burn more 
rapidly, and flame will travel more quickly 
when the wire is held in a vertical position, 
or at some angle of slope than it will when 
held in a horizontal position, because the fire 
will tend to preheat the insulation above 
the point which is actually burning, and 
therefore aid in propagating the flame. A 
large portion of aircraft open wiring is in 
some position other than horizontal. Be- 
cause wiring offers a means for carrying 


flame from one point to another, the flame ~ 


rate of travel for the worst condition of wire 
position should be very small. The insula- 
tion should be self-extinguishing. 

(b). Wire size is important in establishing a 
flammability test. A small wire will burn 
more readily than will a large wire. The in- 
sulation on an A NV-0 wire will be more diffi- 
cult to ignite than will the insulation on an 
AN-18 wire, because of the larger mass of 
copper which will dissipate the heat more 


rapidly. An AN-O wire may not continue 


burning, because of heat dissipation by 
conduction through the copper, but an 
AN-18 wire may sustain or propagate com- 
bustion for quite some time. 

(c). Small wires are loosely bundled to- 
gether in open wiring systems. If one wire 
burns, it may ignite others and cause more 
rapid spread of the fire. 


2. In establishing an abrasion test for wire, 
it becomes difficult to establish limits for the 
variables, since each organization will have 
its own requirements regarding the type and 
amount of abrasion the wire will have to 
withstand during installation and service. 
Installation problems and procedures differ 
so much that an abrasion-resistant wire 


acceptable to one concern may not be ac-. 


ceptable to another. Different types of 
abrasion are encountered in installation and 
service, namely: 

(a). A cutting type of abrasion, due pos- 
sibly to a wire resting on the edge of a piece 
of metal and allowed to move in a direction 
which would cut the insulation and braid. 
(6). A scraping type of abrasion, encoun- 
tered during installation and maintenance 
when wiring is pulled through the airplane 
structure. 

(c). 
by airplane vibration which makes the wire 
beat itself against structure. 

All types will be subjected to varying 
degrees of intensity. The speed of the 
scraping action, the sharpness of the cutting 
edge, the weight of the wire or wire bundle, 
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_ ditions of: 


A pounding type of abrasion, caused - 


the frequency of impact, among other 
variables all will vary between wide limits. 
The difficulty in setting up a procedure to 
test for all of these variables can be appreci- 
ated. The problem is complicated further 
by the use of different materials in wire 
manufacture. Comparing abrasion resist- 
ances of cotton-braided,-glass-braided, and 
rayon-braided wires is complicated by the 
use of different impregnating materials and 
protective coatings. A rayon or glass 
braid, in general, is inferior to a cotton 
braid on the conventional scrape-type 
abrasion-test machine if the same type of 
protective coating is used. However, by 
use of the proper impregnating material or 
coating, a rayon- or glass-braided wire can 
be made to appear superior to cotton- 
braided wire on the same abrasion test 
machine, and yet inferior on another test : 
apparatus which utilizes a different means 
for abrading the wire. A definite need is 
indicated for an abrasion test, and suitable 
apparatus which will compare truthfully the 
different types of wire on a basis which will 
account for variables encountered in usage 
and will give consistent results regardless of 
material used. 


To enumerate the factors affecting all 
types of specification tests would take 
considerable more space and time than 
has been allotted for the coverageof sovast 
a subject. It is sufficient to say that the 
problems peculiar to aircraft are many 
and varied, but are of the utmost impor- 
tance in assuring a safe, dependable air- 
plane, capable of operation in any part of 
the world with a minimum of mainte- 
nance. 


Conclusions 


By means of this paper, the author has 
attempted to show that a major problem 
of design has been given to the wire manu- 
facturers by asking for an electric cable 
which will not fail in operation under con- 


1. Ambient temperatures from —7 
+125 degrees centigrade. 


2. Relative humidities from 0 to 
cent. 


4 


3. Pressure altitudes from sea 
50,000 feet. 


In addition, the cable is requir 
noninflammable, abrasion-resistan 
resistant, and fungus-resistant, a! 
still possess minimum weight, mi 
diameter, maximum current-carry 
pacity, and good dielectric quali 
similar problem also has been given 
committees and boards which det 
the specification test procedures for 
ing a valid measurement of the previo 
stated requirements. 

The wire manufacturers, the arme 
services, the working committees, the air- 
craft manufacturers, and all others con- 
cerned with the problem of design, manu- 
facturer, and use of electric cable have 
done an excellent job in establishing and 
maintaining the quality of wire that is 
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Requirements for Aircraft Electric Motors 


E. R. SIEFKIN 


MEMBER AIEE 


ESIGN requirements for electric mo- 

tors intended for use on aircraft may 
be classified roughly into performance 
and construction. These two classifica- 
tions are not completely independent of 
one another, as some of the construction 
requirements will have pronounced ef- 
fect on the performance characteristics. 
Performance characteristics may be sub- 
divided into the following headings: 


(a). Operating voltages. 
- (6). Torque requirements. 
(c). Rpm limits. 
(d). Duty cycle. 
(e). Efficiency. 
(f). Ambient-temperature conditions. 
(g). Protection against overheating. 
(h). Radio-noise output. 


_ Construction requirements may be 
subdivided into the following headings: 


(a). Resistance to vibration and accelera- 
tions. 4 
(6). Corrosion protection, sand and dust 


resistance. 


(c). Gearboxes, clutches, and brakes. 

(d). Types of bearings and lubrication. 
(e). Limit switches. 

(f). Provision for emergency hand opera- 
tion. 

(zg). Method of mounting and bringing out 
leads. 


(2). Maximum over-all dimensions. 
(4). Maximum allowable weight. 
(j). Maintenance considerations. 


The manner in which the preceding re- 
quirements are established and the spe- 


aphs with particular reference to 
lt d-c motor applications. 


ting Voltages 


al operating voltage at the motor 
red to be 27 volts for continuous- 
ors and 26 volts for intermittent- 

tors. 
enerators, the voltage under any 
table load may fall as low as 20 
nd satisfactory emergency opera- 
some motors may be specified at 
w voltage. Improper setting or 
ctioning of the voltage regulators 
rmit the line voltage to rise as high 
0 volts occasionally, and the over- 
eding thus created must not impair 


being used in present-day aircraft. Their 
efforts are rewarded by the thousands of 
airplanes which fly daily with a minimum 
of failure in the electric systems due to 


causes other than gunfire. Many im- 
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cific reasons for some of the requirements, 
ill be outlined briefly in the following | 


In case of failure of the - 


operation nor running balance of the 
motor. All parts of the motor must be 
designed to absorb the torque and mo- 
mentum loads imposed by sudden stop- 
page of the armature due to jamming of 
the driven load at the highest service 
voltage without damage or loosening of 
parts. 


Torque Requirements 


For unlimited rotation applications the 
starting torque required is usually deter- 
mined by the type of load to which the 
motor is connected. Motors driving hy- 
draulic pumps and similar accessories 
are usually required to supply full-load 
torque at starting. Motors driving fans, 
blowers, generators, and similar accesso- 
ries normally requireonly afraction of full- 
load torque for starting. To provide a 
margin of safety for the higher frictions 
encountered at low temperatures, shunt- 
and compound-wound motors should 
have a minimum starting torque of 175 
per cent normal running torque, and se- 
ries-wound motors should have .a mini- 
mum starting torque of 300 per cent 
normal running torque.? 


sponding to the horsepower and the rpm 
appearing on the nameplate. 

Many aircraft motors have a load 
which is not constant, so that continuous 
torque ratings are meaningless. This is 
particularly true for linkages employing 
toggles where the force required increases 
rapidly at the overcenter position and 
then decreases. The first step in appli- 
cations of this type is a thorough study 
of the load to be operated, by plotting 


_ the torque required versus either time or 


the percentage of operating cycle. Total 
torque which the motor will be required to 
deliver at any time consists of the weight 
loads for ground operation plus maxi- 
mum air loads due to flight plus any addi- 
tional loading due to ice accumulations 
on exposed surfaces, and increased fric- 


Paper 44-197, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
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submitted June 14, 1944; made available for print- 
ing July 12, 1944. 
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portant problems, however, are yet to be 
solved, and their ultimate solution will de- 
pend mainly on the continued and co- 
ordinated effort of all organizations con- 
cerned. 
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Normal run-. 
ning torque is defined as the torque corre- 


tion due to cold grease, dust, and differ- 


ential contraction of metallic members. 


With the loading curve in Figure 1 the 
values of maximum torque required and 
the points at which they occur may be 
determined. By introducing the maxi- 
mum time permissible for completion of 
the cycle and the number of cycles re- 
quired per hour, the duty cycle and the 
intermittent horsepower rating required 
can be established. If a fixed percentage 
of the cycle need not be completed per 
unit of time, the varying speed character- 
istics of a series-wound motor may be 
used to obtain a reduction in motor weight 
and to simplify the control required. 


Rpm Limits 


In the interest of weight reduction, the 
motor speed must be as high as possible. 
The upper limit of continuous speed at 
present is about 12,000 rpm, this limit 
being imposed by satisfactory ball-bearing 
operating and life. On larger sizes of d-c 
motors, the upper limit of speed may be 
established by the danger of the armature 
windings and commutator bars being 
thrown out of position by centrifugal 
force. 


Duty Cycle 


Duty cycle is usually specified as so 
many minutes ‘‘on”’ followed by a certain 
number of minutes “‘off.” Given the 
number of complete operating cycles re- 
quired per hour and using Figure 1 as a 


_ basis, the duty cycle of the motor can be 


established, enabling selection of the light- 
est motor which will power the applica- 
tion without dangerous overheating. In 

calculating the duty cycle, allowance 

must be made for those applications 
where a large number of short runs, that 

is, “inching” toward the desired setting, 

are common, as in wing-flap or trim-tab 
positioning service. Applications of this 

kind impose a much more severe duty 
cycle on the motor than running continu- 
ously from start to finish of the operating 
cycle. Open-type self-ventilated motors 
save weight for continuous-duty applica- 

tions, but provide little or no weight 
savings on highly intermittent-duty ap- 

plications. In general, an intermittent- 

duty motor-is lighter than a continuous- 

duty motor of the same rating. / 


Efficiency 


Minimum allowable efficiencies for 24- 
volt d-c motors from 0.02 horsepower to. 
4.0 horsepower are specified in Army— 
Navy specification AN-M-10.1 While 
these values are intended for military 
aircraft and may, at first analysis, ap- 
pear to be unnecessarily low, they repre- 
sent a sacrifice of efficiency to obtain a 
lower motor weight.. Higher efficiency 
could be obtained by increasing the 
amount of copper and iron in the motor 
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. 


but usually cannot be justified, because 
in addition to the weight of the motor, 
the weight of the extra gasoline required 
to carry the heavier motor also must be 
charged against the more efficient design. 
High efficiency is of much more impor- 
tance in continously operated motors than 
in intermittently operated motors. 


Ambient Conditions 


Operating temperatures for motors 
mounted in exposed locations on the air- 
plane range from —65 degrees centigrade 
to +70 degrees centigrade,! and this com- 
plete range may be encountered within 
an hour. Location in cabins or other 
semiprotected locations does not neces- 
sarily mean more favorable ambient tem- 
peratures, since airplanes are frequently 
stationed at operating bases where hang- 
ers are not available. 

Ambient atmospheric pressures vary 
from 14.7 pounds per square inch at sea 
level to 2.72 pounds per square inch at 
40,000-feet altitude. This reduction in 
pressure, although slightly offset by the 
reduction in temperature as the altitude 
increases, results in decreased weight of 
air per cubic foot and forced cooling based 
on a definite number of cubic feet of air 
per minute will be inadequate unless the 
necessary allowance is made in calculat- 
ing cooling air available. Motors located 
in supercharged compartments ordinarily 
will not be subject to ambient pres- 
sures lower than 9.5 pounds per square 
inch. Creepage distances satisfactory at 
sea level must be increased 300 per cent 
for satisfactory operation at - 40,000 
feet. 

Ambient humidities will vary from 0 
to 100 per cent. Service reports from 
the South Pacific areas disclose that 
the humid warm climate is particularly 
conducive to the creation and rapid de- 
velopment of fungus growth on textiles 
and all other organic materials, includ- 


TORQUE-POUND-FEET 


PER Coat STROKE 


Figure 1. Torque versus per cent stroke for 
_ typical aircraft application 


A shows torque required for weight of door 
B shows torque required to overcome air loads 
on door 
C shows total torque required from the motor 
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ing those used for electrical insulation, 
unless prevented by a fungi retardant 
included in the insulating varnish or 
applied over the varnish. Under ideal 
conditions for growth, enough fungi will 
develop in one week to fill completely 
the air gap between armature and pole 
shoes and prevent the armature from 
turning. 

Motors located in wings or other com- 
partments where explosive mixture of 


gasoline vapor and air may accumulate 


must be provided with suitable explosion- 
proof housings and have excellent electri- 
cal bonding between all parts of the mo- 
tor enclosure and the supporting struc- 
ture to eliminate any possibility of ig- 
niting such mixtures by an electrical dis- 
charge between the motor and structure. 
The resistance between any two metallic 
components of the motor and between the 
motor base and the airplane structure 
must not exceed 0.002 ohm. 


Protection Against Overheating 


The question of whether or not thermal 
protective devices should be required on 


_ all motors is very controversial at the 
present time. 


For critical circuits, such 
as propeller. feathering, it is obviously 
unwise to include a “‘protective” device 
which will prevent operation of the motor 
just because it is five degrees above the 
established safe temperature of the motor 
windings when unrestricted operation of 
the feathering pump motor, even though 
it be severely damaged in the process, 
would eliminate a dangerous flight condi- 
tion. On other motors not supplying 
“time-critical” 
fer pumps and cabin superchargers, built- 
in thermal switches protect the motor 
against unintentional or unsuspected 
overloads by cutting the motor off the line 
until it has cooled to a safe temperature. 
The cycling of the motor due to automatic 
reclosing of the protective device gives 
warning to the crew that something is 
wrong with either the motor or its load, 
and they may then either clear the trouble 
in flight or cut the circuit off the line for 
repair at the next ground stop. 


Radio-Noise Output ‘ 


Greatly increased amount of radio 
equipment now being used on military 
airplanes, together with the greater re- 
ceiver sensitivity and nonshielded wiring 
installations, have made minimizing of 
radio-noise voltages imperative. Radio- 
noise voltages may be generated by d-c 
motors because of poor commutation, poor 
combination of stator and rotor slots, 
and straight slot rotors. The high-fre- 
quency voltage ripples may travel either 
by direct radiation or by conduction 


along the primary power lines to emerge 


eventually as an unbearable noise in the 
radio-receiver headphones. In addition 
to poor commutation due to improper 
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functions, such as trans- — 
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design, poor seating of the brushes on the 
commutator has proved a prolific source 
of radio noise. On a one-eighth-horse- 
power 1,750-rpm 24-volt-d-c pump mo- 
tor, for example, the radio-noise voltages 
measured as shown in Table I. 

On disassembly the brushes were found 
to have only 25 per cent area of contact 
with the commutator. After seating the 
brushes properly and cleaning the smut 
from the commutator surface, the radio- 
noise voltage dropped to 50 microvolts 
at 200 kilocycles per second and corre- — 
spondingly less at all the higher frequen- 
cies. The radiated-noise field disappeared 
completely after this treatment. 

From a weight standpoint, it is not effi- 
cient to apply noise filters to all rotating 
electric equipment, and, therefore, it be-— 
comes necessary to minimize the noise 
each item of equipment produces and to 
supply a power-line filter just ahead of the 
radio receivers. 


Resistance to Vibration and 
Acceleration 


Although the terms are often used in- 
terchangeably, acceleration and vibration 
are not the same. Vibration always gives 
rise to acceleration, but acceleration can - 
exist without vibration. The general 
formula for acceleration is: 


Ua (2Qaf)?r 
g 3886 
where: 


a . PCa 
—=number of! g’s acceleration in feet per 


second per second 

f =frequency in cycles per second 

ry =peak amplitude in inehes (one-half the 
total excursion) 


Values of acceleration and vibration 
vary widely from one type of airplane to 
another, and even in different sections 
of the same airplane. The problem is 
further aggravated by motor mountings 
which may be flexible enough to permit 
resonant vibration, in which case the ac- 
celeration may increase as much as 20 
times. If resonance is not present, 
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ability to withstand accelerations of 12g 
applied at the center of gravity in any 
direction generally will be satisfactory 
for aircraft applications, including the 
acceleration value obtained by landing 
impact. 

Table II indicates the range of vibra- 
tion and acceleration encountered on a 
typical twin-engine medium bomber. 


Corrosion Protection, Sand and 
Dust Resistance 


Use of light metals, such as aluminum 
and magnesium, to reduce weight has 
aggravated the corrosion problem, since 
steel, copper and other metals lower in the 
galvanic series in sea water also must be 
used in the motor, often in intimate con- 
tact. Effective and durable protective 
finishes must be provided between dis- 
similar metals; otherwise any condensa- 
tion or salt spray will form an electrolyte, 
and the aluminum and magnesium will 


be destroyed rapidly by galvanic action. 


Severe condensation occurs when a de- 
scent is made from the cold air of high 
altitudes into the warmer air near the 
ground. 
-Global operation subjects motors to 
fine sand and dirt Given sufficient time, 
this sand eventually will penetrate any 
‘seal except the hermetic type. These 
abrasive particles rapidly grind away 
bearings, brushes, commutators, switches, 
_ and gears once they have gained entrance. 
The nearest approach to a solution at 
_ present is to design as effective a seal as 
possible and to keep the seal effective by 
periodic cleaning or replacement. 


Gearboxes, Clutches, and Brakes 


Gears for aircraft motor applications 
present a difficult design problem because 
of the small weight and space allowed for 
them and the difficulty of providing 
satisfactory lubrication over the wide 
range of temperatures encountered. Sin- 
tered iron gears impregnated with oil 
have given satisfactory service on frac- 
tional horsepower motors. Hardened 
steel gears with low-temperature grease 
have been fairly satisfactory for larger 
geared motors, but no low-temperature 
grease yet available is entirely satisfactory 
at high temperatures. Gears must be 
capable of absorbing the shock caused by 
the jamming of the driven mecha- 
nism at maximum motor voltage with- 
out damage or breakage. 


Clutches are specified when the mo- 
mentum of the armature must be removed 
from the load to prevent overshooting of 
the output shaft when the brake is ap- 
plied, or when the frictional load of the 
armature and its associated gearing is to 
be removed from the system to facilitate 
hand-crank operation. 


Bearings and Lubrication 


Bearing sizes used on commercial mo- 
tors are too small to withstand the loads 
and vibrations encountered in aircraft 
applications. 

In general, ball bearings have proved 
more satisfactory in service than sleeve 
bearings, and sealed-type ball bearings 
are preferred, particularly for the higher 
speeds. Bearings must be designed to 
take thrust from both directions. How- 
ever, because of procurement difficulties, 
sleeve bearings must be substituted for 
ball bearings when adequate supplies of 
the latter are not available. Oil-impreg- 
nated bearings have not proved too satis- 
factory. Excessive lubricant must be 
avoided. The type of lubricant must be 
such that it will provide lubrication at the 
extreme high and low temperatures en- 
countered. The lubricant should not be- 
come watery at the high temperatures or 
go solid at the low temperatures. At 


present, lubricant in accordance with 


Army-Navy specification A N-G-3? is the 
most suitable for meeting these condi- 
tions. Enough lubricant should be pro- 
vided for 500 hours of operation without 
attention, with the motor operating in 
any position. 


Limit Switches 


To provide the utmost reliability of 


operation, «limit switches should be. 


mounted on the mechanism being oper- 
ated. In order to simplify wiring, how- 
ever, limit switches are usually incor- 
porated in the driving motor. Switches 
used for this purpose must be extremely 
resistant to vibration and must have 
adequate current and voltage-breaking 
capacity both at sea level and at high 
altitudes. Snap-action contacts are nec- 
essary and compactness is important. 
Means of adjusting the setting of the 
limit switches’ from outside the motor 
must be provided and the setting adjust- 
ment locked against changes due to vi- 
bration or continued operation of the 
motor. ; ; 


Table Il 
\ Maximum 
: Total Excursion Frequency Acceleration Acceleration at 
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‘ Provision for Emergency Hand. 
Operations Renee 3 


Some applications, such as landing- 
gear actuators, require that means for 
hand operation be provided in case of 
failure of the electric system for any 
reason. The hand-crank extension should 
not turn when the motor is driving the 
mechanism, nor should it be necessary to 
turn the motor armature when operating 
the mechanism with the hand crank, 
The torque required to turn the hand 
crank should be low enough so that one 
man can turn the crank continuously 
without requiring the advantage of his 
full weight. Each application of this kind 
requires individual consideration to es- 
tablish the most suitable design. i 


Method of Mounting and Bringing 
Out Leads 


Type of mounting is determined by the 
individual application. Flange mount- 
ings are lighter than base mountings, but 
are subject to high stresses due to bend- 
ing moments, particularly if resonant 
vibration is encountered. Flange mount- 
ings must provide sufficient space to per- 
mit insertion and removal of bolts or nuts 
and adequate wrench clearance for tight- 
ening them. Tapped holes directly in 
aluminum are not satisfactory, and such 
applications should employ plated-steel 
inserts. P 

_ Leads for small motors not subject to 
severe vibration should consist of mul- 
tiple pin receptacle in accordance with 
Army~Navy specification A N-W-C-591.? 
Leads for large motors where suitable A NV 
connectors are not available, and for all 
motors on which severe vibration makes 
AWN connectors unsatisfactory, terminal 
studs should be provided. Terminal 
studs must be anchored securely against 
turning. Leads inside motors must be 
anchored firmly and protected against 
abrasion. : 


Maximum Over-All Dimensions 


Over-all dimensions must be as small as 
possible, since space is at a premium, and 
all space possible must be left around 
each unit to provide for inspection, ad- 
justment, ventilation, and removal as 
necessary. 


Maximum Allowable Weight 


Every pound saved on the weight of a 
motor permits more than _one-pound 
additional pay load to be carried by the 
airplane, The value of one-pound weight 
saving is variously estimated by com- 
mercial airlines at from $100 to $1,000 
per year. In military airplanes no mo- 
mentary value can be placed on the abil- 
ity to carry a few more rounds of am- 
munition or extra gasoline, but the ob- 
jective is obviously very important. 
Motor designs must not penalize reli- 
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Functional Design of Aircraft Electric 


Actuator Equipment 
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N their order of importance the factors 


which influence the design of an elec- 
tric actuator for use on aircraft are: 


A. Dependability under extreme operating 
conditions of: 


Vibration. 

Acceleration. 

Temperature. 

Altitude. ~ ej 
Humidity. , ; 


orp 09 


B. Performance of intended function with 
regard to: 
Speed of operation. 


Accuracy of movement. 
Duty cycle. 


Safety of operation is provided os 


Emergency operation provisions. 
Avoidance of inadvertent operation. 
Avoidance of fire hazard. 


Weight influenced by: 


General schematic arrangement. 
Choice of materials. 

Treatment of materials. 

Detail design of parts. 
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E. Availability of component parts in- 
fluenced by: 


1. Importance of application. 
2. Production schedule. 


_F. Cost as a function of: 


1. First cest in money influenced by: 

(a). Simplicity of design. 

(6). Availability of materials, parts, and facilities. 
(c). Quantity of units to ee produced and produc- 
tion schedule. 

2. Cost of maintaining the equipment: 

(a). Money spent throughout life of the actuator. 
(6). Flight time lost because of maintenance. 

3. Cost in loss of performance due to weight. 

4. Cost in loss of pay load due to weight. 


The purpose of this paper is not to give 
detailed instructions, but only to point 
out to the designer of aircraft electric 


actuating equipment the points which 
must be considered in formulating such a \ 


design and to indicate the methods of ob- 
taining solutions to the many problems 
involved. The design of equipment of 
this nature will be found to be about one- 
fourth electrical and three-fourth me- 
chanical engineering and should only be 
attempted by an engineer or group of 
engineers with broad training and experi- 
entice in both fields. 

Electric actuators on aircraft are used 
to perform functions such as retracting 
and extending the landing gear, extending 
and retracting landing and maneuvering 
flaps, controlling engine cooling air flow, 
adjusting control surface trim tabs, han- 
dling cargo and bombs, and for many other 
services. From a study of these applica- 


tions it is seen that the actuator must be 


dependable and give satisfactory opera- 
tion under the conditions encountered in 
aircraft operation. The actuator -will be 
subjected to vibrations at fundamental 
and harmonic frequencies to 200 cycles 
per second at amplitudes that produce 
accelerations to 20 gravity. Most actu- 
ators must be installed without shock 
insulating mounts and therefore of 
necessity will be rugged in construction 
with the electrical control balanced to 
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avoid inadvertent operation of mecha- 


nism elements or electrical contacts. The 


actuator and its control should be suit- 
ably designed to operate in ambient tem- 
peratures of —65 to +160 degrees 
Fahrenheit at any altitude to the service 
ceiling of the aircraft and under all condi- 
tions of relative humidity to 100 per cent 
saturation. This will mean that particular 
attention must be paid to the selection 
of lubricants, oil seals, breathing provi- 
sions, and corrosion preventing treat- 
ments. At altitudes above 25,000 feet 
the brush life of d-c machines will be 
materially decreased, and it will be neces- 
sary to use especially treated brushes in 
units that are required to operate for 
any appreciable percentage of the time 
at these altitudes. Another point to be — 
considered in high-altitude operations is 
that the breakdown voltage for a given 
air gap or creepage is very considerably 
lower than at sea level. Some investi- 
gators have attempted to show that at 
extreme altitudes the cosmic rays or 
other radiations have an effect on the 
electrical performance of contacts and air 
gaps. 

In order to design an electric actuator 
that will perform satisfactorily it will be 
necessary to have accurate data concern- 
ing the direction and magnitude of the 
forces required of the unit at all portions 
of its movement, the speeds required at 


-all points, and the frequency in time at 


which this movement will be required. 
With this information and with some 
knowledge of the actuator mechanism, it 
will be possible tentatively to select a 
motor with the proper speed-torque char- 
acteristics and to design a suitable electric 
control system. The accuracy with 
which the actuator is required to position 
its mechanical output will be dictated 
by the type of application and by the 
mechanical means used to connect the 
actuator to its load. The most widely 
used device is the limit switch which is 
used in conjunction with an electric brake 


ability of operation to save weight, but 
if considerable weight can be saved by 
shortening the useful life without affect- 
ing the reliability during the shorter life, 


the saving in weight will justify a higher 


cost for the lighter motor. 


Maintenance Considerations 


_ Every airplane which is not in flight 
nor immediately available for flight is a 
liability instead of an asset. Ninety per 
cent of ‘‘the airplane not available” time 


on the ground is required for maintenance. 


work, with poor weather accounting for 
the remaining time. Designs which fa- 
cilitate inspection and maintenance ob- 
viously will increase airplane availability, 

Of necessity, military maintenance and 
repairs often are performed at poorly 
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equipped temporary bases by inexperi- 
enced personnel outfitted with only the 
simplest of tools. Consequently, air- 
craft.electric motors must be as simple, 
rugged, and easy to assemble or disas- 
semble as the designer’s ingenuity can 
make it. 

Design features which permit rapid and 
efficient maintenance of electric motors 
include the following: 


(a). Lubrication points clearly marked. 


(b). Brushes readily removable for inspec- 


tion and replacement. 

(c). Spare parts exactly interchangeable 
without requiring reworking. 

(d). Army/Navy standard bolts, nuts, and 
screw threads throughout. 

(e). Comiplete identification on a perma- 
nent nameplate. 

(f). Readily removable inspection covers. 
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(g). External adjustments for limit 


switches, slip clutches, and so forth. 


In addition, a complete set of service 
instructions should be supplied to the 
aircraft manufacturer, showing sectional 
views of the motor, detailed disassembly 
and reassembly procedure, servicing data, 
spare-parts catalogue, and so forth, so 
that all these data may be included in the 
Erection and Matntenance Manual on. 
plied with each airplane. 
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on the motor. ‘This device gives fairly 
accurate positioning which may be fur- 
ther improved by adding dynamic brak- 
ing or plugging provisions to the control 
system. If extreme accuracy that will 
not vary with load, voltage, or tempera- 
ture is required, it will be necessary to 
build into the mechanical part of the 
actuator provisions for mechanically 
limiting the motion and to absorb the 
kinetic energy of the moving system. 
In some applications of electric actuators, 
it may be necessary to stop the motion or 
cause reversal when the load increases of 
decreases beyond specified limits. Thi 
effect may be conveniently accom- 
plished by measuring the reaction on a 
stationary ring gear of a planetary sys- 
tem of gearing and thereby obtaining a 
force that is proportional to the amount 
of torque being applied to the system. 


This force may be opposed by springs 


and the movement thus obtained may 
be used to operate control-circuit 
switches. 

There are applications of electric actu- 
ators on aircraft such as landing gear, 
wing flaps, engine-cooling control, bomb 
release, fuel valve, and so forth, where it 
may be necessary because of safety re- 
quirements to provide for emergency 
operation in case of gun-fire damage or 
other failure of the mechanical or elec- 
trical parts of the actuator system. In 
the case of landing gear it is common prac- 
tice to provide either cable control that 
will release the gear from its actuator and 
allow it to extend by gravity or to provide 
for hand cranking of the actuator. In 
some applications such as wing flaps and 
engine-cooling-air control it will not be 
necessary to provide an actual mechanical 
override on the actuator but it will be 
sufficient only to install an emergency 
switch that will by-pass the normal con- 
trol system and feed power directly to the 
motors. In the case of electrically con- 
trolled bomb racks and fuel valves, it is 
often required that a direct mechanical 


override be provided by means of cables. 


In nearly all applications of electric 
actuators it will be necessary to provide 
against inadvertent operation. Control 
and power relays should be either of the 
balanced type or mounted in such a posi- 
tion that a severe acceleration in any 
direction likely to be encountered will not 
cause the relay to change the position of 
its contacts. It will also be necessary to 
avoid the use of relays that have their 
natural vibration period within the range 
of frequencies to be encountered in use. 
The use of sensitive relays in aircraft 


’ control should be avoided if possible, 


but in cases where they must be used the 
designer should provide shock-insulating 
mounts and water- and dust-tight covers. 

In cases where the consequences of 
inadvertent operation of some piece of 
electric equipment would be very serious, 
the switches at the control station should 
be protected with plainly labeled and 
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distinctively colored switch guards. In 
extreme cases it may be desirable to in- 
stall two or more control switches in 
series. 

In applications that require, by auto- 
matic control, the actuation of several 
different but related parts of the airplane 
in a certain definite sequence, it will be 
necessary for the designer to consider 
the possibility that the actuator may be 
stopped or reversed at some point other 
than the end of a cycle. The control 


must be designed so that under these , 


conditions the proper sequence of opera- 
tion is maintained. 

There are locations in aircraft where 
explosive concentrations of gasoline vapor 
may be present under either normal or 
damaged conditions and it is very im- 
portant that this point be considered 
when designing an actuator system. 
Motors and control equipment should be 
located where there is adequate ventila- 
tion and where these vapors cannot ac- 
cumulate, but if this is not possible a 
weight penalty must be accepted because 
of the necessary explosion-proof construc- 
tion. 

Weight considerations are of para- 
mount importance in the design of equip- 
ment of this nature and must be con- 
sidered when the electrical and the me- 
chanical schematic diagrams are being 
made. These schematics should be very 
complete and at this stage it is advisable 
to determine all gear ratios, screw leads, 


speeds of all elements, and all loads. 


There is an opportunity in a design of this 
nature to do a great deal of original think- 
ing and the making of the schematic dia- 
grams is the point at which most of the 
nonroutine work is done. 


It should not be attempted in a paper » 


of this length to give detail gear-design 
procedure but there are several basic 
considerations that may be covered. In 
the design of aircraft electric actuators the 
gearing most likely to be required will be 
straight spur, internal, bevel, helical, and 
worm. In work of this class the usual 
standard gear-design practice is not ade- 


quate because of the extreme conditions | 


imposed by weight limitations, space re- 
quirements, high speed, extreme ambient 
temperatures, duty cycles, and life re- 
quirements. In these designs it will be 
necessary to call on experience and testing 
to a very large extent. Gear blanks may 
be forged from many of the SAE steels 
but, because of wartime shortages and 
restrictions, it may not always be possible 
to obtain those which are most suitable. 
In the more highly stressed high-speed 
applications probably the most satis- 
factory steel will be a high nickel such as 
2515 because of its ductility, toughness, 
and resistance to fatigue. This is a car- 
burizing type of steel and the gear teeth 
should be finish ground after heat treat- 
ment. Other very satisfactory gear ma- 
terials will be found to be some of the 
chrome-molybdenum and the chrome- 
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nickel-molybdenum steels which may be 
hardened without carburizing. Heat- 
treated blanks of these materials may be 
completely machined and then have the 
wearing surfaces hardened by the high- 
frequency induction process. As this 
method of surface hardening will result 
in almost no distortion it is only neces- 
sary that the gears be lapped to obtain 
extreme accuracy. ’ 
In the design of gears for this class of 
service considerable weight may be saved 
if forged blanks are used because the con- 
trolled grain flow and the small chance of 
having cracks or inclusions at critical 
sections will allow much higher stresses to 
be used. 
In the design of these lightweight high- 
speed gears the designer must call on 
experience and testing to a very large 
extent and not follow too closely the 
accepted practices used in general ma- 
chinery or automotive design. The best 
tooth form for the comparatively small 
highly stressed high-speed gears used in an 
airplane electric actuator differs from all 
of the accepted standards in that the 
pinion has a long addendum tooth which 
mates with a gear having a correspond- 
ingly short addendum. 
This is an involute system using a 20- 
degree pressure angle with a full-depth 
tooth and has a number of advantages 
over the American Standard 20 degrees 
stub-tooth system. By having uneque 
addendums on the mating gears it is 
possible to have a pinion with a smaller 
number of teeth without the necessity 
of undercutting for mating tooth clear- 
ance. As a result the tooth will be thick 
at the root and will have a greatly in- 
creased beam strength. Another ad- 
vantage of this system of gearing is that 
being full depth, the arc of action will be 
greater than that of the 20-degree stub- 
tooth involute system with the result that 
smoother action and lower tooth impact 
loads will be obtained at high speeds. 
This unequal addendum system of gearing 
is being considered at present for adop- 
tion by the American Gear Manufac- 


turers’ Association and has received much — 


favorable comment. 
In mounting gears the accuracy of 
alignment and the rigidity of shaftifg are 
of the utmost importance. It is neces- 
sary to place very close tolerarices on the 
pitch cylinder tangency of straight spur 
and of helical gearing and on the pitch- 
cone tangency of bevel gearing because 
any inaccuracies in this respect will re- 
duce the effective widths of the gears and 


reduce the power-transmitting capacity. 


The problem of obtaining accurate gear 
position is further complicated by the 
fact that the bearings on each end of a 


gear shaft are usually mounted in differ- 


ent pieces of the gear-housing assembly. 


| 
| 


Another factor that affects the accuracy © 


of tooth engagement is the gear-shaft 


deflection due to the separating forces 


set up by the tooth pressure acting at. 
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the 20-degrees pressure angle. It is 
necessary that this force be calculated 
for each engagement in the actuator 
gear train so that the lightest satisfactory 
shaft may be designed and also so that 
proper bearings may be selected and pro- 
vided with suitable supports. 

It is not considered practical in this 
class of work to provide for adjustment 
for straight spur or helical gearing be- 
cause of the direction in which these ad- 
justments would necessarily have to be 
made. When using straight or spiral 
bevel gearing it is usually advisable to 
back up the thrust bearings with an ad- 
justment. 

The practical limit on the face width 
for straight spur gearing will be found to 
be about four times the circular pitch 
and for bevel gearing about one third the 
slant height of the pitch cone.'' The 
reason for this limitation in face width is 
the difficulty in obtaining accurate full- 
- width contact at the tooth engagement. 
However, if it is desirable because of 
space or other limitations to increase the 
power-transmitting capacity these face 
_ width ' limitations may be exceeded by 
using very accurately finished gears and 
by providing very accurate and rigid 
mountings. 

Planetary systems of gearing are often 
used in aircraft actuator design because 
of the high reduction ratios and power- 
transmitting capacities which may be 
obtained in a small space and also because 
the gearing is symmetrical about the cen- 
ter line of the system. In gearing of this 
type it is common practice to use two or 
more planet gears in order to get the maxi- 
mum power transmitting capacity for the 
minimum weight of gearing and gear 
case. When multiple planets are used, 
the gearing and mountings must be very 
accurate in order to distribute equally the 
load between these planets. One point 
that must be borne in mind by the de- 
signer of planetary gearing systems is that 
when two or more planet gears are used 
the sum of the number of teeth in the 
ring gear and in the sun gear must be 
divisible by the number of planet gears 
in the system. If this rule is not ob- 
served the various elements of the system 
will not mesh properly with each other. 

Very good efficiencies may be obtained 
using either simple or compound systems 
of planetary gearing, but the high reduc- 
tion differential planetary is to be 
avoided if any considerable amount of 
power is to be transmitted. Because of 
the. high circulating power within the 
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differential system, the over-all effi- 
ciency is likely to be too low to be prac- 
tical. This circulating power may be 
calculated by analyzing the system to 
obtain the pressures and velocities at 
each engagement and will be found to be 
many times the amount of power being 
transmitted through the system. As the 
power lost at each engagement is nearly 
one per cent of that entering the engage- 
ment, the efficiency of the system may 
easily be determined. 

In calculating the strength of gear 
teeth for use in aircraft electric actuators, 
the conventional method using the Lewis 
formula is not found to be suitable for 
gearing of the quality described here be- 
cause the weight would be excessive. 
This empirical formula is very conserva- 
tive and will result in calculated stresses 
that are approximately eight times as 
great as those which are actually obtained 
in these high-precision gears. 

Careful design and testing will show 
that most of the gears in an actuator 
of this type may be made with a rather 
thin web between the hub and rim and 
that this section may have lightening 
holes. Another weight-saving measure 


‘that is often overlooked is the use of 


hollow gear shafting. 

It will be found in most cases that anti- 
friction types of bearings should be 
selected for moderate to heavy thrust 
loads and for pure radial loads above 500 
rpm. The higher-speed elements of gear- 
ing will most likely have relatively high 
values of diametral pitch requiring a 
high degree of mounting accuracy which 
can only be obtained through the use of 
ball, roller, or needle bearings. Another 
point in favor of the antifriction type of 
bearing is that less trouble due to lowered 
efficiency will be experienced at extremely 
low temperatures. The bearings for 
intermediate stages of straight spur gear- 
ing may be of the needle or roller type 
with the shaft ends held against thrust 
only by brass disks. When using needle 
bearings it is necessary that the loads en- 
countered cause only extremely low values 
of shaft deflection in order to properly 
apply these loads to the needles and pre- 
vent their becoming jammed. When us- 
ing an aluminum or magnesium gear 
case with highly loaded ball or roller 
bearings, it is good practice to press a steel 
bushing into the recess and use this bush- 
ing to support the outer race of the bear- 
ing. 

It is important in actuators for this 
class of service to use lubricants that will 
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operate satisfactorily in ambient tempera- 
tures from —65 to +160 degrees Fahren- ' 
heit. This problem of lubrication is at 
present receiving a great deal of attention 
by various research organizations and it 
is expected that an entirely satisfactory 
answer will be found in the near future. 
Seals must be used that will prevent 
lubricant from being lost from the unit 
and that will keep dust and water from 
entering while at the same time permit- 
ting breathing with changes in alti- 
tude. 

In designing an electric actuator for 
aircraft the availability of all component 
parts must be considered. If the project 
is of sufficient importance and time will 
permit, it will be feasible to develop new 
materials and processes for use in manu- 
facturing the unit. In alloting time for 
design, research, and testing, the designer 
must consider the productiom schedule 
that must be followed and the manu- 
facturing facilities that can be made 
available. 

The actual design of the actuator unit 
will very largely determine the cost of _ 
the units in production because of the 
effect on tooling, procurement of ma- 
terials, and manufacturing facilities re- 
quired. If the quantity of units to be 
produced is large it may be advisable to 
adopt designs that will involve large 
expenditures in special dies, molds, and 
other tooling which would result in a 
lower over-all cost. 

In the total cost of a piece of equipment | 
of this nature the designer should consider 
the cost in maintaining the unit in air- 
worthy condition throughout its expected 
life which, of course, will include the loss — 
in revenue incurred by having the air- 
plane out of service for repairs. 

As shown by this paper a very great 
effort must be made by the designer of an 
aircraft electric actuator to cut the 
weight to an absolute minimum consist- 
ent with the stated requirements. It 
is also shown that this is accomplished 
by ingenious design by the proper selec- 
tion of materials, by the rigid control of 
processes, and by the insistence of a high 
standard of workmanship. Every ounce 
of weight that can be saved shows an 
increase in aircraft performance in terms 
of speed, range, and pay load. 
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A 40-Kva 400-Cycle Aircraft Alternator 
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Synopsis: A-c auxiliary-power systems for 
aircraft date back to World War I. Re- 
cently numerous technical articles have indi- 
cated an intense revival of interest in this 

_subject. Heart of any electric system is the 
generator which supplies electric power to 
all parts of the system. An alternator, 
especially designed and built for 208-volt 
three-phase systems is described in this 
paper. Light weight and reliability domi- 
nate the design, which involved a large num- 
ber of new and unusual problems. © 


LTERNATING current has re- 

placed direct current in large com- 
mercial power systems because large 
amounts of power can be transmitted long 
distances more economically; alternating 
voltages can be stepped up or down at 
will by a transformer; and the polyphase 
squirrel-cage induction motor, which em- 
ploys no brushes, is so simple and reli- 
_ able. These advantages, which also ap- 
ply in aircraft use, have caused a long- 
continued interest in a-c systems.16 
While this interest is particularly strong 
now, it is to be remembered that the use 
of a-c systems in aircraft dates back to 
World WarIwhen wind-driven alternators 
with built-in spark gap were used to sup- 
ply power for radio transmitters. More 


_ than ten years ago 600-watt alternators 


driven by a main engine through a con- 
stant-speed drive, were used by the Navy. 
Prior to the present war two different a-c 
systems were tried experimentally in 
different planes: one of these was a 
single-phase 800-cycle system, the other, 
a three-phase 120-volt 400-cycle system. 
Rectified a-c systems with 30-volt d-c 
outputs of 200-800 amperes have also 
been proposed. 

Vernon Grant and Melville Peters 
showed in 1939 that the optimum volt- 
age for the electric system of airplanes 
of 20,000 pounds gross weight or larger 
exceeds the present universal standard of 
28 volts. Because higher system volt- 
ages are desirable for large airplanes, al- 
ternating current appears preferable to 


Paper 44-190, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 22, 1944; made available for print- 
ing July 11, 1944. 
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~ direct current for high- -altitude operation. 


Alternating current is easier to interrupt; 
moreover, the motors have no brushes 
and are generally lighter and more re- 
liable. A-c power can supply 85 per 
cent of the total load and, in addition, it 
has many advantages as a power supply 
for aircraft radio.° 
Weight, of course, is Slats a primary 
consideration in aircraft equipment. At 
a meeting of the AIEE Dayton Section 
in May 1944 an interesting tabulation of 
comparative weights of different electric 
systems was presented. The weight com- 
parison was made for a hypothetical 


bomber of assumed dimensions, and an. 


assumed gross weight of 150,000 pounds. 
This comparison is given in Table I. 


Viewed in any light, the advantages of . 


alternating current are so great that the 
development of the alternator described 
in this paper was initiated. 


_Alternator Rating and Requirements 


Alternators of any desired rating can 
be built for aircraft service. This paper 
however, is limited specifically to the 
description of an alternator having a 
continuous rating of 40 kva, 208 volts, 
three-phase, 400 cycles, 75 per cent power 
factor. Overload ratings for this alter- 
nator are as follows: 


60 kva at 100 per cent of rated voltage for 
five minutes. 


80 kva at 90 per cent of rated voltage for 
five seconds. 


From a heating standpoint, 150 per 
cent load for five minutes is a more severe 
requirement than full load continuously, 
but overload capacity, of course, is neces- 
sary to meet emergency conditions. The 
80-kva rating was set up as a requirement 
for two reasons: to provide capacity 
for starting a number of motors simul- 


taneously, and to ensure greater stability | 


Figure 1. 
showing air connector and mounting band 


Front view of 40-kva alternator 
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shown in Figure 10. The terminal bl 


minal block to protect the leads and ter- 


selection of the operating speed, and 


- Alternator Size and Mounting ~ 


inches and the diameter of the body is 


we ities a load of ¢ 60 kva. © 
load ratings are based upon 250) cubi 
per minute of cooling air being supplic 
from a blast tube at not less th 
inches water total pressure. 
fan has been built into this alternator to 
provide cooling sufficient for a: "gs 
amount of output—about 25 per cen 
rated load—while operating on the gro 
without the benefit of blast cooling. The 
alternator is designed to supply a three- 
phase system with grounded new 
Six leads are brought out to permit 
use of differential protection, which 
connects the alternator from the sys’ 
in the event of a short circuit, either at 
terminals or inside the alternator. 
Leads are tagged according to American 
Standards. T1, T2, T3 are line leads, 
whereas 74, T5, T6 are neutral leads. 
Alternator and exciter connections 


a 


is stepped to facilitate wiring connectior 
and to avoid interference of leads. Wit 
out the stepped arrangement, the le 
easily could be short-circuited at 
block. A cover is provided for the 


minals. 

Damper or amortisseur windings < are 
incorporated to provide stability ae 
synchronizing and when operating 1 
parallel with other machines. 

Careful consideration was given ‘to 
6,000 rpm finally was selected as the 
highest speed feasible for a machine of 
40 kva. But the machine is designed id 
withstand an overspeed requirement of 
successful mechanical operation at 9,000 
rpm, to correspond with the maximu 
speed of the drive shaft. 


— 


Arrangement 


All important outline dimensions of 
this 40-kva alternator are shown in Figure 
3. It will be noted that the length is 19 


nine inches. The 19-inch dimension in 
cludes the air connector shown on the 
right, but does not include the shaft 
extension and pilot fit on the left. These 


Figure 2. Rear view of 40-kva aircraft alter 
nator showing bracket and shaft extension 
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outline dimensions as a whole conform 
to specifications of the United States 
} Army Air Forces. The alternator is de- 
| signed to bolt to the constant-speed drive 
to make, in effect, a single unit. Pilot 
fit and splined shaft of the alternator en- 
gage corresponding parts of the drive. 

Figure 3 also shows an adjustable two- 
§) piece mounting ring. This ring with its 
| four projecting ears serves to support the 
alternator end of the combined unit in 
the airplane framework. Adjustability of 
the ring over a range of four inches axially 
facilitates installation. The body of the 
alternator, over which the ring is adjust- 
able, is machined to a smooth, accurate, 
cylindrical contour, so that the ring may 
‘be secured firmly in any position within 
the limits of adjustment. 


Coupling to the constant-speed drive - 


is through a replaceable 24-tooth driving 
spline. Some radial freedom, to allow 
for a small amount of misalignment, be- 
tween the alternator and constant-speed 


unit, is provided by use of a stub shaft, . 


the opposite end of which is spline-fitted 
‘to the inside of the main shaft of the 
alternator. A shear section is provided 
in the stub shaft for protection of the 


-constant-speed drive in case of combat — 


damage or mechanical failure of the al- 
ternator. Removal and replacenient of 


the stub shaft does not require dismant- - 


ling the alternator. If broken, the stub 
shaft can be driven out easily by inserting 
a rod in the hollow shaft at the air-con- 
nector end of the machine. : 


Method of Excitation 


Excitation is furnished by an integral 
-d-c exciter of conventional aircraft- 
‘generator construction, an arrangement 
chosen after a careful study of all possible 
methods of excitation. This arrange- 
ment is lightest in weight, is less compli- 
cated, requires the smallest regulator, and 
is more stable than any other method con- 
sidered. On the XB-19 airplane, excita- 
tion power was obtained from the a-c 
output, which was rectified and controlled 
electronically.? The latter arrangement 


2406 
EQUALLY SPACED 


10.750 DIA 


406 DIA, 4 HOLES 
EQUALLY SPACED 


(Figure 3. Outline dimensions, 40-kva alternator 
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DIA, 12 HOLES ~ 


=~ 


Figure 5. Magnesium-alloy frame of alter- 
nator showing internal ribs 


‘inherently means loss of excitation in the 


event of a fault, and the alternator will 
not provide enough current to burn clear 
many types of faults which might occur. 
This arrangement had the further disad- 
vantages of added weight, and also of 
appreciable warm-up time for the elec- 
tronic tubes. Use of an inductor alter- 


_ nator to supply excitation power was con- 


sidered because of the advantage of elimi- 
nating brushes. However, an _ in- 


VENTILATING HOLES MUST 
NOT BE BLOCKED 


AIR 


SHAFT SPLINE DATA 
24 TEETH 

20/30 PITCH 

1,200 PITCH DIA, 
30° PRESSURE ANGLE 
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Figure 6. A-c stator coils 


ductor alternator is heavier than a d-c 
machine and requires the use of a recti- 
fier, which would need to be mounted in 
or on the alternator in order to make 
the latter interchangeable with another 
unit which might use a d-c exciter. Such 
an arrangement would be awkward and 
heavy. 

Excitation might have been furnished 
from batteries or from the d-c power 


Built-In Exciter 


Table |. Comparative Weights of Electric 
Systems 
System 
oO + 
su) Lo} = 
si Su ASL 35 
Chae ya oer 
ORL. sa Se 
Bas S33 28 
Components ' Raw Sao &o 
1. Generator weight, , 
ONG NIE Sc <<a ere 1501b.. 1201b 80 Ib 
2. Voltage regulator, 
One MHith ee 6 1b 61b 91b 
3. Main generator 
breaker, or 
Switch} i cere state els 6lb.. 6 1b 51b 
4. Drive shaft from 
Engine. nie rare 15lb.. 151b 15 1b 
5. Constant - speed 
GEV Ieee c 3.2 Boao nee Rosekin) wet 90 1b 
6. Total, items 1to5... 1771b.. 1471b.. 199 Ib 
7. Total weight of \ 
four units........ 708 1b.. 5881b.. 7961b 
8. Batteries, total 2 
WeIQHE. 4 cus eases 55 1b 551b.. 551b 
9. Two 28-volt 6-kw 
d-c sources of 
POWEE EG eas struts Olb.. 1251b.. 1001b 
10. Two 12-kva 5 ’ 
sources of single- 
phase 400-cycle 
power...... Moores '3001lb.. 2801b.. Olb 
11. Four sets of auto- ; 
matic synchro- — oi 
izing COUutrOl,|.issis sols a0 vines ieee SOD 
12. Weight of main ‘ 
power wiring...... 420lb,. 551b.. 651b 


13. Total weight ex- 
eluding utiliza- , 
tion equipment, ... 1483 lb. .1103 Ib. .1056 Ib 


Airplane isa long-range bomber, weighing 150,000 
pounds; continuous electric load of 60 kw. Wing 
spread, 170 feet; length of fuselage, 110 feet; 45 
feet to outboard engine; 28 feet to inboard engine, 
Generator specification: 


30 kw continuous, 45 kw for five minutes 

Speed range, 3,000-9,000 rpm 

Not engine-mounted 

Blast-cooled 

Altitude, 0 to 50,000 feet ¢ 
This table was developed at a round-table confer- 
ence conducted by Major W. A. Barden, United 
States Army Air Forces, equipment laboratory, 
Wright Field. Members of conference were: 
George W. Sherman, Wright Field; L. G. Levoy, 
R. H. Kaufmann, General Electric Company; J. C. 
Cunningham, D. E. Fritz, C. G. Veinott, Westing- 
house Electric and Manufacturing Company. 
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Figure 7. Complete pole and field coil of 
alternator — 


system of theairplane. Such an arrange- 
ment has three principle disadvantages: 


1. A fault in the d-c system weuld cause 
_ failure of the a-c system. 


2. A larger and heavier voltage regulator 
would be required, involving a major devel- 
opment, as such a regulator is not now 
available. 


3. There would be an excessive waste of 


power in the regulator. 


Brush life at high altitude—the prin- 
cipal objection to the use of the d-c ex- 
citer—was no longer considered the 
problem that it once might have been, 
since a successful altitude treatment for 
brushes is now available.* Based on 

flight experience with d-c generators and 
altitude-chamber tests on the alternator, 
che expected brush life at 35,000 feet is 
approximately 500 hours. 


Electrical Design Considerations | 


‘Fundamental principles employed in 
the design of aircraft alternators and d-c 
generators are the same as those used in 
the design of standard industrial ma- 
chines. The elements of an aircraft electric 
machine resemble those of an industrial 
machine of far greater physical size. 
However, in the design of aircraft electric 
machines, extreme effort is put forth to 
obtain a given rating at the lowest pos- 
sible weight; thus, many refinements are 
required in the electrical and mechanical 
design which are unwarranted in standard 
machines. : j 

Electric conductors of aircraft alterna- 
tors, as well as those of engine-mounted 
d-c generators, are operated at current 
densities far in excess of standard ma- 
chines; 10,000 amperes per square inch 
is not uncommon*—a figure four times as 
high as used in continuous-rated indus- 
trial machines. Magnetic circuits of this 
400-cycle aircraft alternator are worked 
at about the same densities as conven- 
tional 60-cycle machines. Because of the 
much higher frequency, however, the 
watts loss per pound of magnetic ma- 
terial is from 15 to 20 times as high as in 
a standard 60-cycle machine. Although 
the copper and iron are worked harder in 
aircraft than in industrial machines, the 
efficiencies of the former are as high or 
higher for comparable ratings. This is 
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possible because of greater refinements in 
design, higher operating speeds, and 
better ventilation of aircraft machines. 

Insulation of the windings of aircraft 
alternators must be suitable for the 
temperatures encountered. Becatse 1n- 
definite life is not expected and could not 
be obtained without a great increase in 
weight, class A and class B insulating 
materials usually are operated at higher 
temperatures in aircraft than for indus- 
trial service. Thus, for the life expected 
of an aircraft alternator, class-A insula- 
tion can be operated at 130 degrees 
centigrade and class-B insulation can be 
operated at 150 degrees centigrade.* 
Each type of insulation has been used in 
this alternator only where its maximum 
permissible temperature will not be ex- 
ceeded, 

D-c generators for aircraft use are 
rated at 28.5 to 30 volts, whereas the 208- 
volt alternator described in this paper 
is operated at 120 volts to ground. Be- 
cause of the higher dielectric stresses, the 
a-c winding is given a potential test to 
ground of 1,500 volts (rms), and a poten- 


Figure 8. Complete rotor showing alternator 
field, slip rings, exciter armature, and com- 
mutator ; 


tial test‘ between phases of 500 volts; 
alternator field and exciter armature are 
tested at 500 volts to ground. 

As in the d-c system, greatest reliability 
is obtained with parallel operation,? and 


the alternators are designed accordingly. 


As mentioned before, a damper winding 
is placed in the pole faces to provide more 
stable operation of the alternators under 
any operating condition which might 
cause hunting. This winding, made of 
copper, is similar to that used in a large 
synchronous machine. 


i Stator Construction 


Figure 4 shows the alternator stator 
with laminations and winding in place, 
and Figure 5 illustrates the lightweight 
frame. Internal ribs support the lamina- 
tions and allow axial passage of ventilat- 
ing air over the stator core. 

Circular laminations without studs or 
rivets are used, permitting skewing 
which improves the wave form. To en- 
sure exact alignment, laminations are 
stacked on an accurately ground man- 
drel, which has guide bars for aligning 
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the punchings and obtaining the co 
skew. While still on the mandrel, 
punchings are compressed axially, an 
slot is machined in the outer periphery 
parallel to the axis of the stator. A ec 
responding slot is machined in one 
ribs of the magnesium-alloy frame, and 4@ 
rectangular key fits into both slots 
thereby locking the punchings. 

Stator laminations are held in com: 
pression between a shoulder in the fr 
and a spacer ring held in place by m 
of six axial through bolts. Openings 
provided in the ring and shoulder so ° 
ventilating air can enter the axial du 
between laminations and frame. q 

A-c stator coils are formed of double 
glass-covered rectangular copper w 
Two of these coils are shown in Figur 
Accurate forming assures that the coils 
will not touch each other at the ends ane 
that they will have the strength neces: 
sary to withstand short-circuit stresses 
Class-B insulation is utilized in the 
winding. Paper-and-mica slot cells 
used, the paper backing merely provid 
strength during assembly. Glass slee 
ing is slipped over the exposed portion ¢ 
each stator coil. Coils are anchored 
slots by means of trapezoidal wed: 
After winding, the a-c stator is impre 
nated -with an alkyd resin varnish to 
sist the moisture, dirt, and fungus growths 
which an aircraft alternator may encoun. 
Letce ; nae, 


Rotor Construction — 


Two obvious methods for constructi 
the rotating field of alternators such 
described in this paper are one-piece | 
nations and separable poles. W: 
one-piece laminations, the poles and pole 
faces are integral with the yoke; this type 
of construction has been used with suc- 
cess in many small machines and in a 
few large four-pole industrial machines. 
Since the yoke and poles are continuous, 
a good magnetic circuit is obtained 
through the rotating field. However, 
one-piece rotor punching has the disa 
vantage of requiring a random field wind- 
ing, which is satisfactory in small low 
speed machines, but seldom if ever, is u 
in large high-speed machines. This con 


Figure 9. Alternator with air connector re 
moved, showing front bracket and rocker ring 


ELECTRICAL ENGINEERING 


struction was not adopted in the machine 
described in this paper because of low 
#) mechanical strength and poor space factor 
inherent inarandom winding. 

Figure 7 illustrates the separable-pole 
# construction used in this machine. Pole 
Wj laminations have a rectangular hole in 
sj the body, by means of which they are 
| assembled onto a snug-fitting rectangular 
§ bar of iron having good magnetic proper- 
g ties. These laminations are clamped to- 
™} gether by means of the damper bars, a 
steel through rivet, and aluminum- 
alloy pieces which also serve to support 
the coil ends. Holes are now drilled and 
tapped through the punchings into the 
rectangular bar previously described. 
This construction permits the field coils. 
to be wound directly on the poles. 

A heavy layer of fish paper, glass, and 
mica insulates each coil from the body of 
the pole. Each coil is wound in two 
sections of thin copper strap insulated 
‘between turns with glass tape. Micarta 
washers insulate the upper section of the 
coil from the pole and the coil sections 
from each other. 

After the coils have been wound, they 
are bolted to a cylindrical yoke and then 
connected between poles at this time in 
order to avoid disturbing them later. 
Wedges are now inserted between adja- 
cent coils in both upper and lower sec- 
tions. After connecting the coils and 
inserting wedges, the rotor is thoroughly 
vacuum-impregnated with an alkyd resin: 
varnish and then baked. Thus, a solid 
rotor winding is obtained, free of air 
pockets and impervious to moisture. 

Alternator field, exciter armature, com- 
mutator, and slip rings form an integral 
Wj unit. The exciter armature is pressed 
} onto the long shaft, flanged at one end 
) and bolted to the yoke of the alternator 


| (Figure 10. Internal wiring diagram and termi- 
{} \nal arrangement of 40-kva alternator, including 
exciter 


1 When rotation is clockwise (at commutator 
end), phase sequence is 11, T2, T3 
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field. A shorter flanged shaft is bolted 
in a similar position to the opposite end 
of the yoke. Thus, the complete rotor 
utilizes only two bearings. This con- 
struction greatly simplifies assembly of 
the alternator and prevents any possible 
internal misalignment. 


Exciter Construction 


The front bracket of the alternator 
supports the stator of the exciter, as well 
as the rotor, bearing, and brush assem- 
blies. This construction is illustrated in 
Figure 9, a view of the alternator with 


the air connector removed, showing the © 


arrangement of the exciter in the bracket. 
Exciter brushes and slip-ring brushes are 
all carried on the rocker ring, which is 
mounted in the front bracket.. By refer- 


Figure 11. Terminal board and studs, showing 
stepped arrangement 


ence to the schematic wiring diagram, 
Figure 10, it can be seen that the slip- 
ring brushes are connected directly to the 
output of the exciter, thus requiring mini- 
mum wiring between the exciter and al- 
ternator field. To provide maximum ex- 
citation for the alternator when re- 
quired, a compensated exciter with inter- 
poles is used. Two collector rings are 
mounted at the front end of the rotor, 
adjacent to the exciter commutator. 
The rings are shrunk over an insulated 


EXCITER 
FIELD 
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Figure 12, Saturation curves and short-circuit 


characteristic of 40-kva alternator at 6,000 rpm 


steel bushing, which later is pressed onto 
the exciter shaft. 


Mechanical Design Considerations 


Aircraft generators must operate with 
minimum attention and trouble. No part 
of a generator is more important to re- 
liable operation than the bearings, and 
careful consideration must be given to 
their selection. Sealed or shielded anti- 
friction bearings offer excellent possi- 
bilities for aircraft generators, because 
they require no attention. Bearings are 
lubricated at the factory with grease of 
proper grade and quality to assure long 
life. When the lubrication is properly 
applied, a bearing life of several hundred 
hours may be expected. Because it is in 
the path of the incoming air, the front 
bearing is unlikely to become overheated. 
However, special precautions have been 
taken to make certain that the rear bear- 
ing is adequately cooled. The exciter 
shaft is hollow, and the front end is open 
to the incoming air, while at the rear end | 
four holes are provided in the shaft 
flange. Cooling air passes through the 
rotor, and then over the rear bearing, 
thereby preventing excessive temperature 
rise. This ventilating path serves a sec- 
ond purpose, that of helping to cool the 
rotor yoke. 

To obtain minimum weight, both the 
front and rear brackets are cast of mag- 
nesium alloy. The rear bracket has six 
arms, channel-shaped for increased 
strength. The cone-shaped front bracket 
has four ribs which serve to support the 
the exciter stator and rocker ring, as well 
as the front bearing. 

Engine-mounted d-c generators are 
subjected to more severe linear and 
torsional vibrations than encountered in 
any other type of service. History of the 
engine-mounted d-c aircraft generator 
records a great amount of progress in the 
solution of the problems involved. Be- 
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Figure 13. Efficiency, torque, and output 


curves of 40-kva alternator at 6,000 rpm, from 
dynamometer tests 


cause the alternator of this paper is not 
engine-mounted, the problem of linear 
vibrations and accelerations is less severe; 
however, the machine is subjected to all 
the vibrations and accelerations occurring 
in the nacelle structure. Torsional vibra- 
tion presents a severe problem of unde- 
_ termined magnitude, because torsional 
impulses may be transmitted through as 
well as developed in the constant-speed 


_ drive. If the generator is mounted on an — 


auxiliary engine, severe vibrations, both 
linear and torsional, may be encountered. 


Ventilation and Cooling 


Ventilation is unquestionably one of 
the principal factors influencing the 
' weight of any aircraft generator. With- 
out blast-tube cooling,’ the extremely 
high outputs per pound of modern air- 
craft generators would not have been 
_ possible.  Aircraft-generator builders 


have been hampered by lack of accurate 
information on the pressure-volume char- 
acteristics of practicable aircraft blast- 
tube systems. Shall the generator de- 
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signer use restricted ducts in his machine, 
or shall he make them as wide open as 
possible? Few problems are more diffi- 
cult to solve than the precise answering 
of this question. In general, the gen- 
erator designer knows that, with blast- 
tube cooling, the less air his machine uses, 


the more total pressure head is available 


at the generator; and, conversely, that a 
wide-open generator which uses more air 
results in less available total head across 
the generator. Total available head and 
volume of air could be determined by the 
generator designer, as pointed out in a 


_recent AIEE paper,’ from a pressure— 


volume curve of the blast-tube installa- 
tion, if the latter were available. 

Some general considerations on the 
qualitative differences in the cooling 
problem of wide-open and restricted 
generators will assist in an understand- 
ing of the ventilation problem. The sig- 
nificant factor is total temperature rise of 


the winding hot spot above ambient, | 


which is the sum of two temperature rises: 
1. Rise of cooling air passing through the 
machine. Ly 

2. Rise of hot spot above the cooling air. 
A wide-open generator passes more air; 


hence, rise of cooling air is invariably less. 
But, in the wide-open generator, the dis- 


sipating area of the cooling ducts is less, | 


and air velocities in the ducts tend to be 
lower; the net effect is to cause a higher 
rise of hot spot above the cooling air. 
Since total temperature rise is the im- 
portant factor, it can be seen that the 
minimum sum of the two factors occurs 
when the generator is neither too wide 
open nor too restricted. A complete 
answer to the ventilation problem requires 
an analytical or empirical evaluation of 
the hot-spot rise for different degrees of 
restriction, taking into account the pres- 


sure-volume characteristic of the blast 


tube. 

For the 40-kva alternator discussed in 
this paper, a total head of at least six 
inches must be maintained between the 
inlet and outlet. If the alternator is in- 
stalled in a large duct which supplies air 


Figure 14. Com- 
parison of 40-kva 
alternator and 300- 
ampere type R-1 d-c 
generator 
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‘pressure, better results will be ob 


~ reported in the paper include: short- 


to the main engine, an exhau 
around the outlet ducts of the alter 
has to be provided, because the 
alternator is surrounded by air at a 
tively high pressure; this shroud m 
discharge to a region of lower ambient 
pressure, ; roe 
Air ducts have been provided betwe 
the outside diameter of the stator punch 
ings and the frame. Air which » 
through these ducts also passes dir 
over the end windings, picking up 
from them as well as from the stat 
laminations, and from the frame whic! 
a good conductor of heat. Cooling 
also flows axially between the field | 
of the rotor. The front bearing is co 
by the main blast of air as it enters t 
alternator, whereas the rear bearing 
cooled by air which flows through the 
hollow shaft, as explained previously. — 
No effort has been spared to provide 
the best cooling obtainable with the 
specified total head of six inches, and 
temperature rise has been held down 
permissible limits. But it must not be 
overlooked that, however effective tl 
ventilating system may be, for any 


from the alternator if higher press 
more cooling air is made available 
better results are meant lower tempe 
tures of the alternator, with conseq 
longer life of insulation and bearing: 
ability to carry higher overloads of sh 
time duration. — iz j 


Performance 


Saturation curves of the alternator 
given in Figure 12. These curves includ 
a no-load saturation, a zero-power-fa 


efficiency, torque, kilowatts output, a1 
amperes output, plotted against kilovolt- 
ampere output. Efficiencies reported 
here include losses in the exciter, voltage | 
regulator, and alternator itself; they 
were computed from direct measure. 
ments of input and output. 


Conclusions 


A number of experimental 40-kva 400- 
cycle aircraft alternators has now beer 
built, and extensive tests, in addition 
those reported in the paper, have demo 
strated that such machines are ready 
use in aircraft as soon as a constant-speed 
drive or other suitable driving means 

made available. (Some of the tests not 


cuit tests, three-phase, line-to-line, 

line-to-ground; altitude-chamber t 
of heating and brush wear; para 
operation tests; overspeed tests; start: 
a heavy load, such as a motor gener: 
set.) A weight of 85 pounds for this 4¢ 
kva alternator, compared with a weight 

47 pounds for a nine-kilowatt d-c air-. 
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N ENGINEER needs a goal. In 
this respect he is no different from 
the follower of any other profession, art, 
or trade. Having a goal, every effort and 
project becomes a step in the final 
achievement. It is the purpose of this 
paper to suggest some goals which are on 
the horizon today. When these goals are 
reached, it is quite likely that new hori- 
zons can be seen. However, let tomorrow 
take care of itself. 

A goal is not only an incentive, it is a 
pathway. Seeing the need for a device is 
more than half the act of inventing that 
device. It can well be that presentation 
of some of aviation’s needs will stir the 
inventive genius of some engineer who 
will then create a selution. It is by such 
steps that we will extend the horizon. 

The importance of the electric system 
‘looms large today. In former installa- 
tions the hydraulic and electric systems 
were not essential to flight. Soon this 
_ will no longer be true. Already designers 
of automatic control apparatus are plac- 
ing faith in the aircraft electric system. 
If an inverter delivering a-c power to a 
turbo supercharger regulator should fail, 
engine manifold pressure would no longer 
be controlled; 
engine air-induction system is unstable 
and a dangerous operating condition can 
be created in a few seconds. The source 
Paper 44-218, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
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craft generator, indicates that electrical 
outputs of generators still can be ex- 
pected to increase faster than the weights. 
Experience gained in the building and 
testing of this alternator can be used to 
develop better and lighter machines, or 
machines of still higher rating; the limit 
of ratings of aircraft generators is not 
even in sight! 

Perhaps, in the future, direct-con- 
nected alternators can be used to main- 
tain aircraft engines in synchronism. 
For test purposes, these 40-kva alter- 
nators were direct-connected to 450- 
horsepower aircraft engines; after the 
alternators were synchronized manually, 
it was found that they would hold the 
450-horsepower engines in exact syn- 
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of a-c power must not fail. This is typi- 


cal of situations that emphasize relia- 


bility of the electric system. 


Electric-System Protection 


Hand in hand with proper reliability 
of separate electrical components is the 
necessity for automatic protection of the 
system from the power sources through 
feeders and circuits to the individual 
items of equipment. The state of the 
latter art is not at all satisfactory; almost 
without exception protective devices have 
one or more of the follewing faults: 


1. They do not duplicate the thermal 
ability of the apparatus being protected. 


2. They are too heavy. 


3. They have serious errors due to ambient 
temperature. 


For example, circuit breakers are used to 
protect the cable (not the equipment) of a 
circuit. A given rating of circuit breaker 
should permit the cable to carry every 
ampere that it can safely carry. In fact, 
if the perfect circuit breaker were de- 
veloped, it would be designated by an 


‘American wire gauge number. 


Generators and Motors 


The electrical industry can be proud 
of the progress that has been made in 
aviation accessories during the last few 
years. The output from a cubic inch of 
space and material has been doubled, 
quadrupled, and doubled again. The 
engine-driven generator is the best ex- 
ample of this progress. Almost since the 
beginning of modern aviation the gen- 
erator designer has been confined to a 
space of 6 inches diameter and 14 inches 


chronism over a wide range of throttle 
settings, even while carrying electric 
loads at the same time. 
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length, a volume of 400 cubic inches. Un- 
til 1939 this space produced 750 watts, 
less than 2 watts per cubic inch. Today, 
nearly 30 watts per cubic inch are de- 
veloped in that space. The output con- 
stant for this type of machine is ap- 
proaching 20,000, approximately three 
times the conventional value for the 
equivalent rating. This constant is de- 
rived from the relation 


_D*LN 
kw 


where D and L are dimensions of the 
active material in the armature, NV is 
speed in revolutions per minute, and kw 
is output in kilowatts. 

At the same time good efficiency has 
been maintained. At first glance this is 
surprising since the power loss per pound 
of material is much higher than in in- 
dustrial practice. But the number of 
pounds is reduced until efficiencies are 
tolerable. This factor is important to 
aviation; low efficiency means a higher 
power consumption and this in turn re- 
quires the use of fuel at a greater rate. 
Gasoline weighs six pounds per gallon and 
an engine requires nearly 0.5 pound per 
horsepower hour. A generator having ani 
efficiency of 70 per cent will require one 
pound of fuel per kilowatt-hour. 

However, industry has been too prone 
to modify an existing article to meet a 
given aviation need. This may be justi- 
fied in cases of extreme haste or where 
cost of development must be avoided. 
But it must be remembered at all times 
that in aviation a pound saved may ce 
worth its weight in gold. 

Similar progress has been made in kes 
motors. Just as the specific weight of 
generators has been reduced to four 
pounds per kilowatt, so has the weight 
of motors been reduced to four pounds 
per horsepower at comparable speeds. 


Still lower weights are on the horizon 


and one of the steps to obtain them is 
higher speed. This will require further 


development in bearings, lubrication, 


and commutator design. 
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Communication Equipment 


Much that has been accomplished in 
the field of radio cannot be unveiled at 
this time. The importance of these de- 
velopments can be realized, however, 
when it is noted that there are as many 
as 12 complete radio equipments in a 
large bomber. Each of these is designed 
for a special task and only a few of them 
are for radio communication as we know 
it. These new devices extend the horizons 
again for each of them presents an in- 
teresting peacetime application. And 
again, the aviation engineer is hoping that 
the radio engineer has a weight horizon. 
Much of this new apparatus is unneces- 
sarily large and heavy. This handicap 
has been overlooked in the necessary 
haste to obtain useful devices for the war 
effort. But thoughtful study will elimi- 
nate many pounds of equipment weight 
and much aerodynamic drag from ex- 
ternal antennas. Antennas appear to 
weigh only ounces, but drag increases the 
horsepower required from the engine and 
this in turn causes the consumption of 
many extra pounds of fuel. 


Aircraft Lighting 


The lighting of aircraft has never been 
perfect. While much has been done, far 
more remains undone. The position 
lights are adequate only in fair weather. 
A good landing light for fast fighter types 
is needed. Really satisfactory lighting 
for the instrument board and the pilot’s 
compartment are yet to be produced. 
It is unlikely that any passenger is happy 
with the reading lamps’ in the modern 
transport. Failure of a landing-light 
lamp during testing prior to take-off 
is cause for a delay since the pilot is com- 
pelled to return to the hangar for a lamp 
replacement. A reserve is needed. 

The problem of lighting instruments 
and the pilot’s compartment is the most 
severe. Many minutes are required for 
the human eye to accommodate itself to 
darkness. Yet this dark adaptation can 


be lost in a second if a bright light is 


turned on in the cockpit either by design 
or accident. The lighting of instruments 
and important controls must be such that 
they are easily visible without impairing 
night vision. . 


Inverter Power Supplies 


The development of inverters, direct 
current to alternating current, has made 
it possible to utilize alternating current 
for many small devices, particularly con- 
trols and instruments. Both of these 
uses are worthy of comment. 

The inverter has usually been made asa 
motor generator and the resultant weight 
and low efficiency are a severe penalty, 
The penalty is the more noticeable when 
it is remembered that electric energy is 
put into the machine and electric energy 
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is taken out. Perhaps, over the horizon is 


a way of avoiding the change to and from 
mechanical energy. The vibrator type of 
inverter has been successfully used at very 
low power and at frequencies ranging 
from 60 to 400 cycles per second. At the 
higher frequency this type will deliver 
very little power, although this frequency 
is most suitable for aircraft. 

A-c power is well suited to many posi- 
tioning and control devices since the con- 
trolling voltage can be amplified readily. 
The principle of the self-synchronous mo- 
tor has been used to advantage in instru- 
ments which deliver a remote indication. 


Relays and Switching Devices 


Other iterns which receive too little 
attention are switching devices, and yet 
all the reliability of the system depends 
on them. Electric apparatus in air- 


- craft all too often is the cause of an un- 


satisfactory report, because a relay failed 
to close, switch contacts welded, moving 
parts corroded, or any one of several 
other faults. Practically all of these can 
be traced to dirt, moisture, or salt air. 
And all of these can be avoided by 
hermetically sealing the switch, relay, or 
magnetic contactor. At the same time 
this change in design will remove all 
restrictions on altitude ratings, will make 
the device explosion proof, may permit an 
increase in rating, will increase reliability, 
and it is believed that this can be done at 
no increase in weight. In fact, weight 


_ should decrease if the rating can increase. 


This type of construction may be a basic 
requirement for switching devices in the 
near future. 


Load and Equipment Considerations 


As many as 150 electric devices have 
been used in several types of aircraft. 
This indicates the reason why the elec- 
trical load and the installed generator 
capacity per airplane have increased and 
are still increasing at a phenomenal rate. 
As an approximate rule it can be said 
that the generating capacity in kilowatts 


should equal the gross weight of the air- 


plane in tons. And in terms of engine 
power, two per cent of the rated power or 
three per cent of the cruising power should 
be reserved for the generator. 

In producing these devices the elec- 
trical engineer has gone far toward 
limiting conditions in his use of materials, 
For example, only the best of magnetic 
materials are used and these are worked 
to the limit; the best of materials are 
fully justified because they save weight. 
Weight saved is invaluable and the cost 
of materials is small. An airplane in the 
transport or bomber class costs $5.00 to 
$7.00 per pound. Manufacturing costs 
should be judged by that standard. The 
aviation engineer hopes that a good mag- 
netic material having the specific gravity 
of magnesium is just over the horizon. 
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‘will permit higher densities, or still better “4 
" cooling will do the same. At one time the 


The current density in conducto 
been pushed to. new values. 1 
thousand amperes per square inch and — 
125 circular mils per ampere are often used — 
in continuous-duty apparatus. This re- 
quires careful engineering to provide ade- 
quate cooling, but the net gain is a con- — 
siderable reduction in weight. For inter- 
mittent-duty applications theoretical cur- _ 
rent densities of 40,000 amperes per square — 
inch have been used. Better conductors 


use of silver instead of copper was pro- 
posed, but this was done not as a matter 
of conductivity but one of supply. _ 
The current density in carbon brushes 
is limited only by temperature. Where — 
densities of 40-60 amperes per square — 
inch are conventional, values of 200 am- 
peres per square inch at rated output are ~ 
common in aircraft generators. With — 
adequate cooling, densities of 600 amperes 
per square inch are on the horizon. F 


Power-Distribution Systems 


As airplanes increase in size and elec- 4 
trical load, a decision about higher volt- _— 
ages is forced on the aviation industry. 
The standard for military aircraft is the — 
24-30-volt d-c system. This standard is — 
likely to include the postwar transport — 
and to supersede the present 12-15-volt 
d-c system. However, the 24-30-volt 
system is inadequate when 25-100 kilo- — 
watts are being considered and when air- 
planes with wing spans of 150 feet and 
more are discussed. A conductor to 
carry 100 amperes a-distance of 100 feet 
with a voltage loss of 0.9 volt (three per 
cent of 30) is altogether too heavy. 

Since it is a miniature model of a public 
utility, the electric system of a multi- 
engine airplane presents many similar 
problems. An increase in system voltage 
has the same advantages to the aircraft as 
to the utility company. It is advanta- 
geous because it reduces the weight of wir- | 
ing faster than voltage increases. Theo- | 
retically, the wiring weight should be | 
inversely proportional to the square of | 
the operating voltage. This reduction 
cannot be realized because the insulation | 
becomes a greater proportion of the total 


ductor. 

Two higher-voltage systems are al- 
ready on this side of the horizon. One is i 
direct current and one is alternating cur- | 
rent. The d-c system has much to rece- 
ommend it; it is similar to the 24-30-volt | 
system already in use.. Problems of com- | 
mutation and switching which were fore- _ 
cast as trouble makers have not been | 
difficult on actual encounter.. The | 
Progress already made in reducing 
weight of 24-30-volt equipment applies 


| 
to the structural strength of the con- | 
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equally well to similar items of higher 


voltage. One of the largest users of 


electric power is radio, and by a judi- 


cious choice of voltages and care in the 
design of the radio equipment the need 
for inverters, dynamotors, and power 
packs can be avoided. 

A big advantage of the d-c Peren is 
that it is possible to use a battery as a 
reservoir of energy and as a means of ab- 
sorbing surges. The ampere-hour ca- 


, pacity of the cells should equal about half 


the current rating of the generator and 
there should be as many batteries as there 
are generators if the battery is to fill its 
place as a power reservoir properly. The 
proposed battery would consist of two 48- 
cell units if the lead-acid type were used. 
Unfortunately, battery weight for con- 
stant watt-hour capacity increases with 
increasing rated voltage. 

The choice of system voltage i: ig a most 
important problem. At least a portion of 
the power should be available at the 
familiar 110—120-volt level to use or adapt 
apparatus already developed for in- 
dustrial use. At the same time higher- 
power loads such as large motors can ad- 
vantageously use a still higher voltage. 
This suggests the familiar three-wire 
system at 230/115 volts. In metal air- 
craft the neutral wire can be omitted by 
using a structural ground. 


A-C, D-C, and Hydraulic 
Comparisons 


The a-c system has had little practical 
experience to support claims advanced for 
it in aviation engineering, although the 
potential advantages are similar to those 
which caused its adoption for industrial 
power. It has several disadvantages to 
overcome. Paralleling of generators is 


' essential and power usually must be 


‘taken from the main engines. Since the 
latter will seldom operate in synchro- 
nism, a speed- and torque-conversion drive 
is necessary. The drive and generator 
will undoubtedly weigh more than a d-c 
generator of equal rating. 

Power factor increases the current and 
therefore the conductor weight. Using a 
three-phase system, the operating volt- 
age must be at least 40 per cent higher 
than that of the equivalent d-c system to 
result in the same weight of conductor. 


. The equivalent of the d-c system de- 


scribed above would be the 208-120-volt 
four-wire three-phase system and the 
weight of conductors for equal Power 
would be higher. 

Offsetting these disadvantages are the 
lower weights of a-c apparatus, simpler 
construction, reduced arcing hazard, im- 
proved efficiency, reduced maintenance, 
flexibility of voltage, and possibly greater 
reliability and longer life. 

Electric apparatus has many ad- 
vantages over hydraulic and pneumatic 
equivalents that almost force use of the 
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former for many of the aircraft accessory 
tasks. Some of these advantages are: 


1. Higher efficiency. 

2. Lower cost. 

3. Ease of installation. 
4. Simpler maintenance. 


All of these are debatable with a propo- 
nent of any other method, but they are the 
advantages which the electrical engineer 
must exploit. 

On the debit side, the electrical engineer 
has not delivered enough 


1. Reliability. 
2) Life. 
3. Reduction in weight. 


To provide adequate reliability the de- 
vice must never fail in service and should 
require no attention for 1,000 hours of air- 
plane operation as a minimum. With 
simple overhaul, the useful life should be 
at least five of these 1,000-hour periods. 
As for weight, a part is always too heavy. 
In addition, the electrical engineer must 
fit his device into the needs and require- 
ments of the aviation industry and the 
operations of both airline and military air- 
craft. 

In 1930 the operating cost for airline 
transports was approximately 60 cents 
per ton mile. In 1940 it was 30 cents. 
Perhaps in 1950 it will be 15 cents. Any- 
thing which makes that cost a reality will 
be welcome. By 1950 it may be possible 
to operate engines at a fuel consumption 
rate of 0.37 pound per horsepower-hour 


‘instead of the present rate of 0.45-0.46. 


This economy of operation will require 
automatic controls, and electric devices 
are ideal for such applications. 

An airplane earns dividends only when 
it flies. The airlines will want a utiliza- 


tion factor of 60 per cent. This means 


that the airplane will be in service six 
hours out of ten. This leaves no time for 
needless maintenance of awkward elec- 
trical accessories. 


Other Tasks for Electric Devices 


The foregoing remarks have presented 
attainable goals and requirements. Some 
other big problems are also on the hori- 
zon. For example, one accessory which 
the electrical industry has never pro- 
duced is the aircraft wheel brake. For 
the most part this task is performed hy- 
draulically; it has also been done with 
pneumatic power. To present the re- 
quirements of this problem the assist- 
ance of the Goodyear Tire and Rubber 
Company was sought; R. J. Lammertse 
and C. E. Ricker, engineers of the wheel 
and brake division, kindly furnished in- 
formation on which the following is based. 
Emphasis has been placed on the particu- 
lar phases of the problems which are most 
likely to be difficult to overcome in an 
electrically actuated brake. The require- 
ments set forth below are divided into 
two groups, the first dealing with force 
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and torque, and the second dealing with 
operating characteristics. 


1. Force and torque requirements. The 

brake must produce enough tangential force 

at the mean friction radius to give a torque 

of 0.55 WR where W is the weight of the 

airplane divided by the number of brakes 

per airplane, and R is the loaded radius of 

the tire. Usually, the mean friction radius’ 
is between 0.3 and 0.5 of the loaded radius 

of the tire. The normal force required be- 

tween the friction surfaces will vary inversely 

with the coefficients of friction of the pairs 
of material used. For the bimetallic friction 

pairs used’ in multiple disk brakes, the coef- 

ficient ranges from 0.1 to 0.2, and for molded 
lining material against chrome plated steel 

or cast iron as used in drum and single disk 

brakes, the coefficient ranges from 0.2 to 

0.3. These coefficient ranges are deter- 

mined through experience to be found in 

the friction material pairs most satisfactory 

from a wear and durability standpoint. Of 

course, the force required will also vary in- 

versely with the number of friction surfaces 

engaging under the same force. 


2. One of the major difficulties of an elec- 
tric control system is to obtain proper load 
feel comparable to manual operation. This 
would include all of the following points: 

(cz). Brake torque should be proportional to pedal 


pressure. This should be true regardless of whether 
the brake operation is going on or off. 


(6). Brake operation should go from full- on to full- 
off position or vice versa with no appreciable time 
lag. 

(c). Brake operation must be capable of smal) 
changes of torque in either direction without time 
lag and without returning to brake-off position, 


(d). The brake must be capable of being held at 
constant torque during the period of stop. 


(e). Some means of parking the brake for long 
periods of time must be provided. . 


In the design of an electric brake-operat- 
ing system, it must be remembered that 
the weight and the space used should be 
reasonably close to the weight and space 
requirements of an equivalent hydraulic 
system. This, of course, applies to the 
entire system, from the pilot’s control 
down to the brake itself. 

Another big problem which is rolling 
up over the horizon is the prerotation of 
wheels prior to landing. This is desired 
to avoid unusual wear of tires upon im- 
pact with hard-surfaced runways, It 
will not require much power, as ample 
time can be allowed to bring the wheel up 
to speed. If the electrical engineer can 
solve the brake problem in less space and 
weight than is now required for the hy- 
draulic system, there may be space 
enough for a small electric motor to de- 
liver prerotation of the wheels. 

The problems of controlling an airplane, 
its engines, and some of its accessories in- 
crease with aircraft size and again with 
altitude. For example, it is possible now 
to build airplanes so large that human 
effort cannot control them. Power boost 
is needed. It can be hydraulic or it can 
be electrical. 

At high altitudes pressurized cabins 
will be a necessity. To operate cables or 
push rods through the walls of a pressur- 
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ized cabin requires meticulous care in de- 
sign, installation, and maintenance. Ro- 
tational couplings at the cabin walls are 
only slightly better. Electric equip- 
ment is ideally suited for the solution of 
this problem. ' 

Automatic controls for flight, engines, 
engine accessories, heating systems, venti- 
lating systems, and other aircraft lux- 
uries will be a big advantage to the air- 
plane crew. Again electric apparatus 
is ideally suited for these applications. 


Electric Propulsion of Aircraft 


The biggest task that is just peeping 
over the horizon is an electric drive for the 
airplane. In other words, this means an 
electric coupling of generator and motor 
between the power plant and propellers. 

Assuming that weight can be kept 


_ within reasonable limits, there are a num- 


ber of advantages favorable to the use of 
electric-propulsion’ equipment on muiti- 


- engine airplanes. 


One of the largest single elements of 
drag to be overcome in propelling the con- 
ventional airplane through the air is due 
to nacelle and cooling losses, with engines 
in the leading edges of the wings or in the 
fuselage nose; this element of drag may 
amount to from 20 per cent to 40 per cent 
of the total horsepower requirement of 
the engines. Because of the relatively 
small size of an electric motor compared 
with engines, propellers may be placed 
where the designer wishes, submerging 
the motors entirely within the wing or 
other structural element without recourse 
to drag-inducing nacelles. In some in- 
stances, the weight saving due to the re- 
duced fuel load when nacelles are elimi- 
nated may be sufficient to offset the in- 


crease in power-plant weight due to the 
_ addition of the electric transmission. 


With electric drive, the prime movers 
and generators are located in the fuselage 
instead of in the wings. In land planes, 
it may sometimes be necessary to employ 
a somewhat larger fuselage than normal 
to accommodate the engines; in the case 
of sea planes; there is always sufficient 


- space in the hull near or below the water 


‘line, a preferred location. With the en- 
gines in locations readily accessible to the 
crew, flight operations may be carried out 
with standby engines disconnected and 
all propeller motors running in parallel 
from a common power bus; and when 
necessary, simple repairs may be effected 
on standby units in flight. 

Parallel operation of motors will 
eliminate the entire synchronization prob- 
lem; and the removal of heavy-over- 
hung engine mounts from wings should 
permit desirable structural redesign with 
over-all improvements in structure 
weights. The concentration of the major 


_ mass of the prime mover in the fuselage 
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near the center of gravity of the airplane 
increases maneuverability and decreases 


the required control-surface areas; at 


further provides a convenient recoil- 
absorbing mass to take the recoil from 
heavy machine guns and) cannon in 
military aircraft, without the necessity of 
shooting through a propeller. 

Separation of engines from wing struc- 
tures and the possibility of employing 
effective shock-absorbing engine mounts 
may also lead to structural weight sav- 
ings. Breaking up the motor drives into 
a large number of lower-power units will 
also be advantageous in this case, and will 
permit using small lightweight two- and 
three-blade propellers with the higher 
efficienciés inherent in such propellers 
when over-all design permits, instead of 
using lower-efficiency three- and four- 
blade propellers of large power ratings. 

A further advantage is the possibility 
of employing pusher-type propellers in- 
stead of tractors, since motors may be 
sunk in the wings. The increased lift and 
reduced drag over wing sections in the 
vicinity of propellers are pronounced at 
high speeds when propellers are placed 


behind the wing rather than in front of. 


the wing, thereby reducing turbulence 
due to the propeller slip stream over the 
wing. 

On the other hand, an electric drive 
will result in increased power-plant 
weight, lower efficiency between fuel 
tank and propeller shaft, increased cost of 
power plant, and with gasoline-engine 
prime movers, probably no reduction in 
maintenance. Further, the installation 
of engines and alternators in the fuselage 
of a bomber or cargo airplane may result in 


‘disadvantageous bomb or cargo location. 


With the above features established, it 
appears that the most advantageous 
system would require the use of high- 
speed high-frequency induction motors 
and corresponding synchronous gener- 
ators. Estimates have been made based 
upon three-phase induction motors to 
operate in the 400-500-cycle range at a 
transmission voltage of the order of 1,000 
volts, and with turbo-type alternators to 
furnish power for the motors. 

Preliminary analyses have been made 
and it is believed to be practical to pro- 
duce an electric coupling, alternator, 
motor, and controls at the following 
weights: 
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At each of these ratings the alternator and 
motor weights will be divided about in 
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_dynamic drag to compensate for the lowered © 


‘aircraft designs of lead-acid storage bat- 


internal-combustion engine which con- — 


not understand electricity. To them it is 


the ratio of 60 and 40 if both can operate 
at approximately the same speed. _ 

The probable advent of high-speed in- 
ternal-combustion turbines will greatly — 
improve the case for electric drives. The 
weight and the efficiency loss of the coupl- 
ing are handicaps and there must be two ~ 
gains to compensate for them: 


1. Compensating reductions in fixed weight 
must be made in the power plant, propellers, 
structure, and accessories. ri 
2. The over-all efficiency of the airplane — 
must be improved by eliminating aero- — 


efficiency of the coupling. 


Storage of Electric Energy 


The storage battery is another problem. ; 3 
Perhaps there is no answer, but even with — 


teries, the storage of a kilowatt-hour of 
energy costs approximately 100 pounds. — 
The same available energy is stored in 
0.25 pound of gasoline. Both represent 
chemical storage of energy. = 

The electric motor which converts — 
electric energy to mechanical energy — 
weighs less at equal ratings than does the 


verts gasoline to mechanical energy. The 
possibilities inherent in the storage of 
electric energy at 0.25 pound per kilo- — 
watt-hour are beyond the horizon and be- — 
yond the imagination. ae 

Harnessing of atomic fuel is the most © 
distant goal and it is quite likely that the — 
clue to storage of electric energy at less — 
than 0.25 pound per kilowatt-hour lies at — 
that goal. ‘ : ; 


The Final Problem 


A less tangible horizon is that of public 
confidence. The performance of struc- — 
tural materials can be predicted, dupli- 
cated, and set up in tables. This is not 
always true of electric apparatus in air- — 
craft. Most people employed in avia- 
tion are mechanically minded. They do 


a mysterious phenomenon. They are 
afraid of it. The news of a failure of an 
electrical item spreads through the in- 
dustry, military services, and airline 
operators at an unbelievable rate. Once 
spread, all efforts to educate personnel will 
not eradicate the rumor. Further it is dif- 
ficult to revise the incorrect operating pro- 
cedure that may have gone with the 
failure. are 5 

In short, we in the electrical industry 
must live together. We cannot ignore the — 
troubles of others. The fault of one piece 
of electric equipment is a discredit to _ 
the whole system. D’Artagnan’s motto 
for the three musketeers can well be a 
slogan for every aviation electrical engi- 
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HE rapid development of military air- 
craft during the past three years has 
. been accompanied by an equally vigorous 
development and use of electric motors 
and generators necessary for their opera- 
tion and control. This dynamoelectric 
equipment covers not only the d-c and 
a-c applications but also a wide range of 
power output, voltage, current, and 
speed. Some of the d-c machines are 
compensated fully for best commutation, 
while others are partially compensated, 
and still others are without compensation 
and depend on the brush shift and brush 
grade for satisfactory operation. 

The development of carbon and metal- 
graphite brushes likewise had to keep pace 
with the development of the electric 
equipment. At first it seemed that the 
demand could be met easily, and many 
standard grades of brushes were used with 
satisfactory results as long as the planes 
were flying at low altitudes. However, 
when the airplanes began to fly at alti- 
tudes of 20,000 to 40,000 feet the brushes 
in many instances were worn out in one to 
three hours. It became necessary first to 
determine the causes of the rapid brush 
wear, and then either to develop treat- 
ments for the protection of the existing 
brush grades, or to make a series of en- 
tirely new brush grades capable of with- 
standing the severe conditions imposed 
upon them by high-altitude flying, as well 
as being capable of performing satisfac- 
torily at sea level. 


Rapid Brush Wear on Pursuit Planes 


In December 1940 a testing program 
was started in the National Carbon Com- 
pany laboratory to determine the cause of 
rapid brush wear encountered in actual 
flights. The brushes in question are in the 
motor circuit used for controlling the pitch 
of the Curtiss variable-pitch propeller. 
The controlling motor is mounted in the 
nose or hub of the propeller, which in turn 
operates the planetary-gear mechanism 
connected to the blades. The d-c motor 
is energized through four slip rings which 
are mounted on the propeller shaft and 
insulated from it. A stationary brush 


holder, which is mounted on top of the © 


protective housing, completes the electric 


circuit to the rings through four rows of — 


Paper 44-208, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted April 3, 1944; made available for print- 
ing July 13, 1944. 


D. Ramapanorr and S. W. Grass are both in the 
research laboratory, Edgewater works of the 
National Carbon Company, Inc., Cleveland, Ohio. 
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small brushes. These are the brushes 
which were showing rapid wear during 
flights. 

For the first approach of the problem 
the testing was conducted with equipment 
made from an actual propeller brush 
housing and holder (Figure 1). By these 
means it soon was established that brush 
temperature and current density had but 
small effect on brush wear. However, 
when air with a moisture content of less 
than 0.15 grain per cubic foot was intro- 
duced into the brush‘housing, rapid brush 
wear invariably took place after 5 to 30 
minutes. Under these conditions the 
operation of the brushes was accom- 
panied by a loud grinding noise, and a 
cloud of brush dust could be seen rising 
from the top of the brush holder. The 
brushes actually were ground to dust, and 
in 30 to 60 minutes all of the available 
brush length was gone. 

To meet this problem, two organic 
lubricants, ‘‘A’’ and ‘‘12,”” were developed 
to be used in conjunction with grade 
840-K (a copper-graphite material) which 
was then standard on this equipment. 
The brushes so treated were designated as 
A-840K and 840K-12. These two organic 
treatments provided boundary lubrication 


on the propeller rings and protected the 


brushes from rapid wear throughout their 
life in dry-air atmosphere. 

The laboratory findings were checked in 
actual airplane flights.* For this purpose 
15 pursuit ships were used, some of which 
were equipped with grade 840K and the 
remainder with A-840K and 840K-12. 
Seventeen sets of 840K brushes were worn 
out, some of them within two hours of 
flying time; whereas grades A-840K and 
840K-12 operated satisfactorily. In one 
instance grade A-840K was tested for 112 
hours of flying time, and the brushes were 
not worn out. 


This was our first experience with rapid- 


* The results of these test flights were given to us 
through the courtesy of M. E. Cushman, engineer- 
ing department, Curtiss Wright Corporation, 
Newark, N. J. : 


Brush-testing unit for Curtiss vari- 
able-pitch propeller 


Figure 1. 
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brush wear encountered on military 
planes. The quick solution provided by 
the introduction of grades A-840K and 
840K-12 was only the beginning of the 
intensive research which was to follow in 
the study of the high-altitude perform- 
ance of carbon and wmetal-graphite 
brushes. In the remainder of this paper 
is given the description of the test equip- 
ment used, the results,obtained, the 
theoretical evaluation of the high-altitude 
problem, and finally its present solution. 


The Atmosphere at High Altitudes 


The composition of pure dry air by 
volume is 78 per cent nitrogen, 21 per cent 
oxygen, and 1| per cent of ten other gases. 
These proportions have been found to be 
essentially the same irrespective of loca- 
tion and for altitudes up to 20 miles. As 
the altitude is increased there is rapid 
drop in air pressure, temperature, and 
moisture content. This is clearly illus- 
trated in Figure 2 in which curve A shows 
the change in air pressure with altitude 
and cutve B the change in air temperature 
and dew point for 100 per cent relative 
humidity. with altitude. The dotted 


curves C; and C; indicate respectively the 


highest and lowest dew-point tempera- 
tures for altitudes between 30,000 and 
34,000 feet. The data for these two 
curves were obtained by actual dew-point 
measurements made in flights at Patter- 
son Field by the United States Air Corps. 

In Figure 3 curves A, B, and C show 
respectively the-partial pressure of nitro- 
gen, oxygen, and saturated water vapor 
with altitude. Curve D represents the 
variation of moisture content of saturated 
air with altitude. The data for this curve 
were based on the temperature—altitude 
curve B of Figure 2. At 34,000-feet eleva- 
tion the air pressure is one fourth of the 
sea-level pressure, and for this reason the 
partial pressure of oxygen is reduced by 
the same factor. The moisture content of 
saturated air from curve D corresponding’ 
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ALTITUDE - FEET X 1000 
Figure 2 


A. A\ir pressure versus altitude 
B. A\ir temperature versus altitude 


Curves A and B are based on National Ad- 
visory Committee for Aeronautics data. 
Curves C; and Cy are highest and lowest dew- 
point temperatures measured at Patterson Field 
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ALTITUDE - FEET X 1000 
Figure 3 


A, B, and C represent respectively the partial 


pressures with altitude of nitrogen, oxygen, 

and saturated aqueous vapor. D is the weight 

in grains of a cubic, foot of saturated aqueous 

vapor versus altitude. A\ll curves are based 

on National Advisory Committee for Aero- 
nautics data 


to 34,000 feet is 0.015 grain per cubic foot. 
To complete our picture of the atmos- 
phere at high altitudes, that is, 30,000 to 
50,000 feet, it may not be out of place to 
mention that the ultraviolet rays are 
strong enough to cause the formation of 
_ small amounts of ozone andnitrousoxides. 


_ Experimental 


VacuuM CHAMBERS 


For the study of the operating proper- 
ties of carbon brushes at reduced pressures 
and in various atmospheres, two vacuum 
chambers were used. Both chambers and 
the auxiliary equipment are shown in 
Figure 4. Since the two chambers are 
practically identical in construction it will 
be sufficient to describe the one on the left 
which is visible in greater detail. 

The vacuum chamber consists of a glass 
eylinder which is sealed with rubber 
gaskets between two steel plates. Inside 
the chamber on a shaft protruding 
through the supporting back steel plate is 
mounted a slotted copper ring. This ring, 
which is insulated from the shaft, is often 
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~Brush-spring pressure-—11.0 pounds 


referred to as a “dummy commutator.” 
There are four radial brush holders sym- 
metrically spaced around the ring. The 
brush size is two by three-fourths by 
three-eighths inches. The brush-spring 
tension is adjustable and can be varied 
from 0 to 15 pounds per square inch. 
The ring is 6.125 inches in diameter and is 
driven by a variable-speed d-c motor. — 

The outside air is kept from entering 
the chamber by a special seal on the shaft. 
A low-voltage d-c source provides the 
electric current which flows between the 
brushes and the dummy commutator. 
The chamber can be closed and pumped 
to a pressure of 0.5 millimeter of mercury 
in five to ten minutes. The pressure then 
can be regulated by a needle valve which 
controls the flow of dry air into the 
chamber. The dew point of the dry air 
used is below —70 degrees centigrade. 
If desired other gases than air may be 
allowed to enter the chamber. © 

The brush temperature is measured by 
a potentiometer. connected to thermo- 
couples inserted in the brushes close to 
the rubbing surface. 


BRUSH WEAR IN VARIOUS GASES 
AT ATMOSPHERIC PRESSURE 


It was already mentioned that carbon 
or metal-graphite brushes can be made to 
wear rapidly or dust at atmospheric pres- 
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Figure 5 


_A. Coefficient of friction versus oxygen pres- 


sure for graphitized carbon brushes 
B. Coefficient of friction versus oxygen 
pressure for carbon—copper brushes 
per 
square inch 


Figure 4. Vacuum chambers 
used to study the Operating 
characteristics of carbon and 
metal-graphite brushes at re- 
duced pressures and in various 
atmospheres 
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. about ten minutes the chamber was — 


> 


Li~ 


sure if the surrounding air does not co 
‘tain over 0.15 grain of water per cubic 
foot of air. Such rapid wear in dry air 
can be stopped either by increasing its 
moisture content or by increasing its 
oxygen content over the amount normally 
contained in the atmosphere. fe 

Brushes wear rapidly also if the sur- 


nitrogen, hydrogen, carbon dioxide, and 
argon. Rapid brush wear or dusting does | 
not take place in ordinary room air mixed 
either with ozone gas or carbon tetra- 
chloride vapor, although the latter does 
double the brush friction. In general, 
contaminants present in the atmosphere 


to prevent rather than bring about rapid 
brush wear. ; - 


EFFECT OF OXYGEN, WATER VAPOR, AND 
TEMPERATURE ON THE COEFFICIENT OF 
FRICTION AND WEAR OF BRUSHES 


For the experiments with oxygen and 
water-vapor atmospheres a uniform tech- 
nique was used. Before each experiment 
the brushes were heated to a temperature 
of 300 to 350 degrees centigrade to free 
them from absorbed moisture. The com- 
mutator was heated to 135 degrees centi- 
grade and then quickly resurfaced with a 
fine-grained commutator stone. The dust 
was blown away, the brushes were in- 
stalled, and the chamber was closed. In 


evacuated to a pressure of one millimeter — 
of mercury. Se a < 

In the experiments with oxygen a 
steady flow of dry oxygen with a dew 
point below —40 degrees centigrade was — 
maintained. The rate of flow was limited — 
only by the capacity of the pump at the 
pressure desired. When water vapor was 
used the chamber first was evacuated and 
then water vapor admitted from an 
evacuated flask. One straight and one 
inclined mercury gauge were used to 
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COEFFICIENT OF FRICTION _ 
Figure 6. Brush wear versus coefficient of 
friction for graphitized carbon brushes in dry 

oxygen atmosphere ; 
Brush-spring pressure—11.0 pounds per 
square inch 
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Measure the pressure in the chamber. . 

For the brush-wear measurements a 

gauge accurate to one-ten-thousandth of 
an inch was used. Brush-wear measure- 
ments were found to be consistent and 
easy toreproduce. All of the data plotted 
in Figures 5 to 9 were obtained with a 
brush-spring pressure of 11 pounds per 
square inch. 
_ The speed of the dummy commutator 
purposely was kept low and constant at 
1,000 rpm, giving a rubbing speed of 
1,600 feet per minute. The driving d-c 
shunt motor was connected to a constant 
voltage supply. This made it possible to 
maintain constant field excitation and use 
the armature current for measurement of 
friction. 

For the experiments in oxygen and 
water-vapor atmospheres, two kinds of 
brushes were used. One was a graphitized 
carbon grade and the other a carbon 
grade containing 50 per cent copper. The. 
data for all curves were obtained without 
the flow of current through the brushes. 
Brush wear and frictional measurements 
in an oxygen atmosphere present explo- 
sion hazards if electric current is per- 
mitted to flow from brushes to com- 
mutator. 

Testsin Dry Oxygen Atmosphere. The 

relation between coefficient of friction and 
oxygen” pressure for graphitized carbon 
and carbon—copper brushes is shown in 
Figure 5. The differences in coefficient of 
friction for a given oxygen pressure be- 
_tween curves A and B are small. The 
final value of the coefficient of friction for 
the carbon-copper brushes, curve B, is 
lower than that of the graphitized carbon 
brushes. 

The curves A and B in Figure 5 would 
be only of academic value if the relation- 
ship between the coefficient of friction 
and brush wear were not known. This 
relationship is shown in Figure 6 which is 
for graphitized carbon brushes. A similar 
relationship exists for the carbon—copper 
brushes. The data for this curve were 
obtained by measuring brush wear and 
coefficient of friction for different oxygen 
pressures in the chamber and at as nearly 
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Figure 7. Oxygen pressure at which dusting 
or rapid wear begins versus brush temperature 
for graphitized carbon brushes 


Brush-spring pressure—11.0 pounds per 


square inch 
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constant brush temperatures as it was 
possible to obtain. For values of the 
coefficient of friction between 0.3 and 0.6 
brush wear is directly proportional to it. 
When the coefficient of friction is less than 
0.3 brush wear decreases at a faster rate 
and becomes normal with a coefficient of 
0.17. This curve shows further that 
brush-wear values are large, particularly 
if one bears in mind that the available 
brush length for wear in actual practice is 
one-fourth to three-eighths inch. 

Of interest in the experiments with 
oxygen atmosphere is the relationship 
between the brush temperature and the 
oxygen pressure at which rapid brush wear 
begins. 

The curve in Figure 7 shows that at an 
oxygen pressure greater than 1.1 centi- 
meters of mercury rapid brush wear will 
not begin with a brush temperature of 
40 degrees centigrade. 
temperature reaches 130 degrees centi- 
grade an oxygen pressure greater than 
9.7 centimeters of mercury is necessary 
to prevent rapid brush wear. A brush 
temperature of 130 degrees centigrade 
corresponds to a commutator tempera- 
ture of about 100 degrees centigrade. 


_ The apparent discrepancy in the amount 


of oxygen pressure necessary to stop rapid 
brush wear at the two widely different 
brush temperatures is undoubtedly due 
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Figure 8. Coefficient of friction versus vapor 
pressure of water 


A. Average brush temperature—60 degrees 


centigrade 

B. Average brush temperature—135 degrees 
centigrade 

C. Average brush temperature—115 degrees 
centigrade 


A and B are for graphitized carbon; C is for 
carbon-copper. Brush-spring pressure—11.0 
pounds per square inch 


to the different amounts of condensed 
water vapor on the commutator surface. 
When the brush temperature increases 
beyond 130 degrees centigrade any con- 
densed water vapor is quickly removed 
from the commutator surface, and the 
oxygen pressure necessary to prevent 
rapid brush wear or dusting approaches a 
constant value. 

The data for this curve were obtained 
in the following manner: With the 
brushes and commutator at room tem- 
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When the brush - 
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Figure 9. Coefficient of friction versus water- 
vapor pressure 


_ A. Average brush temperature of 80 degrees 


centigrade ; 
B. Average brush temperature of 110 degrees 
centigrade 
C. Average brush temperature of 140 de- 
grees centigrade 
D. Average brush temperature of 170 de- 
grees centigrade 
A, B, C, and D are for carbon-copper brushes 


perature, the vacuum chamber was 


- pumped to a pressure of one millimeter of 


mercury and the commutator brought up 


_to 1,000 rpm. Immediately the brushes 


began to wear rapidly or dust. Since the 
brush friction under these conditions was 
large, the brushes and commutator began 
to heat up quickly. The commutator 


- temperature was lagging behind the brush 


temperature about 25 to 30 degrees centi- 
grade. 1 

As soon as the brushes began to dust 
enough oxygen was allowed in the cham- 
ber to stop the rapid wear. At this point 
the oxygen flow was interrupted while 
the pump was gradually reducing the 
oxygen pressure in the chamber. When 
rapid brush wear or dusting began once 
more the oxygen pressure and brush — 
temperature were recorded. Again enough 
oxygen was admitted into the chamber to 
stop the rapid brush wear, and the cycle 
was repeated. With each succeeding 
cycle the brush and commutator tem- 
perature increased, and thus it was 
possible to obtain the data of brush 
temperature and oxygen pressure at 
which rapid brush wear began. 

Testin Water-Vapor Atmosphere. In 
water vapor the differences in coefficient 
of friction for carbon and carbon—copper 
brushes are more pronounced than in 
oxygen atmosphere. In Figure 8, curves 
A and B show the relationship of coeffi- 
cient of friction versus vapor pressure of 
water for graphitized carbon brushes. 
Curve C is for carbon—copper brushes. 

Curve A was obtained with a brush 
temperature of 60 degrees centigrade. In 
this case a pressufe of water vapor of 
2.9 millimeters of mercury is sufficient to 
lower the coefficient of friction and brush 
wear to normal. Curve B was obtained 
with a brush temperature of 135 degrees 
centigrade and requires 19 millimeters of 
mercury of water vapor to bring the 
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coefficient of friction and brush wear to 
normal. Curve C was obtained with an 
average brush temperature of 115 degrees 
centigrade which is lower than the tem- 
perature for curve B. Nevertheless, for 
the range of water-vapor pressures of 2 
to 17 millimeters of mercury, the coeffi- 
cient of friction of curve Cis greater than 
that of curve B. The reason for that 
difference is undoubtedly due to the 
copper contained in the brush which 
penetrates through the water film more 
readily. 

The effect of brush temperature on the 
coefficient of friction of carbon—copper 


brushes in water vapor is perhaps better . 


illustrated in Figure 9. Curves A, B, C, 
and D were obtained with the respective 
brush temperatures of 80, 110, 140, and 
170 degrees centigrade. With a brush 
temperature of 170 degrees centigrade, 
. 18 millimeters of mercury of water vapor 
had but little effect on the coefficient of 
friction and rapid wear of the brushes. 

‘Discussion of Results. The effect of 
oxygen on the coefficient of friction of 
nickel sliding on tungsten has been re- 
ported by Bowden and Hughes. They 
found that oxygen at a pressure of 107° 
millimeters of mercury was sufficient to 
lower the coefficient of friction for nickel 
sliding on tungsten from 6.0 to 1.6. In 
this instance an attempt was made to 
_ obtain photoelectrically clean surfaces. 

Experiments with photoelectrically 
clean carbon sliding on copper will be 
very difficult to perform. Carbon is 
heavily loaded with gas. Furthermore, 
‘some provision will have to be made to 

bake completely the chamber, copper 
commutator, and brushes under good 
vacuum at a temperature of 500 to 600 
degrees centigrade to drive out the ad- 
sorbed moisture. The problem, however, 
is very much simplified by the rapid wear 
of the brushes. After the brushes have 
been heated to a temperature of 300 to 
350 degrees centigrade and the commu- 
tator to a temperature of 150 degrees 
centigrade or higher, which is sufficient 
to drive off absorbed moisture, the ad- 
sorbed moisture and gases easily can be 
’ removed in vacuum as soon as the brushes 
begin to wear rapidly. Under such con- 
ditions films of contamination which 
might be on the commutator surface are 
removed in a few seconds. 
oxygen which is always maintained in the 
chamber helps to sweep away contami- 
nants which otherwise may be present. 

There is some evidence to show that the 
oxygen gas protects the sliding surfaces of 
brushes and commutator from rapid wear, 
not only by adsorption but also by oxida- 

tion. 

Water vapor is known to be a good 
boundary lubricant. On stationary sur- 
faces adsorbed water films are difficult to 
drive off. On a sliding surface such as a 
commutator surface, particularly when its 
temperature is above 100 degrees centi- 
grade, the adsorbed water films can be 


828 TRANSACTIONS 


The flow of: 


Figure 10, High-altitude chambers used for 

testing of Amplidynes, motor alternators, in- 

ductor alternators, inverters, dynamotors, and 

other dynamoelectric machines of the motor 
generator type 


removed by the brushes in a few seconds. 

Water is ten times as effective as oxygen 
in reducing the coefficient of friction and 
preventing rapid brush wear. In general, 
oxygen pressure of 180 millimeters of mer- 
cury is sufficient to prevent rapid brush 
wear, while water vapor at 18 millimeters 
of mercury will be equally effective. » 


Water vapor is most effective on a cold 


commutator. With graphitized carbon 
brushes and brush temperature of 60 
degrees centigrade water vapor at a 
pressure of 3 millimeters of mercury is 
equally effective as water vapor at a 
pressure of 19 millimeters of mercury 
when the brush temperature is 135 de- 
grees centigrade. The commutator tem- 
peratures are lower than the respective 
brush temperatures. 

As stated before, the data for the curves 
in Figures 5, 6, 7, 8, and 9 were obtained 
with two kinds of brushes: one a graphi- 
tized carbon grade, and the other a carbon 
grade containing 50 per cent copper. 
While the coefficient of friction and rate 
of wear will be different for brushes of 
different composition and processing, all 
brush grades which are not high-altitude 
type have one thing in common; namely, 
they wear rapidly, and the coefficient of 
friction is high under the test conditions 
previously described. — 


THE COMMUTATOR Fi_Mm 


From the description which has been 
given of the experiments, it is evident 
that carbon or carbon-copper brushes will 
operate on a copper commutator with 
small brush and commutator wear only if 
there is a film of separation between the 
rubbing surfaces. This film consists of 
copper oxide, carbon, adsorbed oxygen, 
adsorbed water, and contaminants from 
the air. The contaminants often can be 
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fj seizure is caused by the powerful attrac- 


_ This lubricant has low vapor pressure at 


- tive films a whole series of new grades has 


of organic nature such as oil vay 
Once this film is removed the rub! 
surfaces of brushes and commutato 
seize, and quick abrasion of both takes 
place. 

From the fundamental studies of W. B. 
Hardy* we know that when two clean 
surfaces are brought together within a 
very close range actual seizure or weldi 
takes place at the points of contact. This 


tive forces due to the surface atoms, It is 
further known that these attractive forces 
are effective only within a very short 
range, and therefore a boundary film of 
separation is sufficient to reduce their 
value to the point where actual welding 
at the points of contact will not take 
place. Thus, the whole problem of satis- 
factory brush operation is reduced to 
that of boundary lubrication. 

At sea level with normal humidity a 
boundary lubricating film of adsorbed 
moisture and oxygen is constantly cover- 
ing the commutator surface. In ex- 
tremely dry weather, at either sea level 
or high altitudes,this is no longer possible, — 
and rapid brush wear may follow. ; 

The boundary film on the commutator 
surface can be organic or inorganic. This 
film willhavetobe deposited bysomemeans — 
on the commutator surface through- 
out the life of the brushes. In our solu- 
tion of the problem it was found best to 
let the brushes deposit the film. This 
means that the brushes for high-altitude — 
applications must be processed, specially. 

In the use of organic films the treat- 
ments or processes known as “A” and — 
“12” were already mentioned. These 
two treatments were developed for use 
on tings. For brushes used on commu- 
tators a complex organic lubricant was — 
developed which was designated as “21.”" 


‘ " 


temperatures as high as 200 degrees centi- — 
grade; it is resistant to oxidation; and, — 
what is most important, it provides Br 
film which gives satisfactory brush life, 
contact drop, and coefficient of friction 
under high-altitude conditions. This 
film also does not introduce periodic con- 
tact drop fluctuations frequently referred 
to as cycling. The ‘21’ lubricant oper- 
ates best with metal-graphite and resin- 
bonded natural-graphite brushes. 

For the deposition of inorganic protec- — 


been developed ranging from electro- 


t 


Table | 
Per Cent Resistivity in 
Grade Copper Content Ohm-Inch 
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graphitic brushes to wmetal-graphite 
brushes containing more than 70 per cent 
copper. Some of the brush grades de- 
veloped for high-altitude applications are 
given in Table I. The operating tem- 
peratures which these grades will with- 
stand are limited not by the brushes but 
by the machines themselves. 


PERFORMANCE oF Grape AJT 
IN THE VACUUM CHAMBER 


Grade AJT is a copper-graphite grade 
containing 45 per cent copper. It was 
selected as an example because it is 
typical of all grades with the fine protec- 
tion it has against rapid wear at reduced 
pressures. Table II gives brush life and 
the coefficient of friction in room air at 
about 50 per cent humidity, room air at 
100 per cent humidity, dry air at atmos- 
pheric pressure, dry air at 18.2’ centi- 
meters of mercury, and vacuum at 0.1 
centimeter of mercury. | 

The amount of copper used in the 
various grades listed in Table I has a 
direct effect on the contact drop with 
which they will operate at a given current 
density. Excellent brush life, however, 
has been obtained with all grades under 
similar test conditions as in Table II. 


Tue Hicu-ALTITUDE CHAMBER - 


So far this paper has presented the 
operation of brushes on copper rings. 
The final test had to be made on actual 
electric machines at air pressure, tem- 


perature, and dew-point conditions simu- 


lating those at high altitudes. 

The general appearance of the two 
high-altitude chambers, which were con- 
structed for tests of dynamoelectric 
equipment, is shown in Figure 10. The 
chamber on the left has its front insula- 
ting cover removed in order to show the 
bolted head which closes the chamber. 
These two chambers which are alike have 
worked so well from the time of their 
construction that a brief description may 
not be out of place for the sake of those 
who might be interested. 

The chamber. was constructed from 
steel pipe 16 inches in diameter and 18 
inches long. One end of the pipe is 
closed by a welded steel plate, and the 
other end is welded to a flange to which 
the front cover is bolted. To increase the 
cooling surface of the chamber on the 
inside, longitudinal radial steel fins have 


Table Il 
Grade AJT 
Hours 
Per Coefficient 
Inch of Friction Atmosphere 


6,000....0.21..... Room air, 50 per cent humidity 
38,000... .0.25...-. Room air, 100 per cent humidity 


f 200:5 se Oi tds ciao Dry air, sea level 


:500:-..0.09.... « Dry air, 18.2 centimeters 
mercury 

BDOOO. s2c0. ey ae Vacuum, 0.1 centimeter 
mercury 
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been welded around the periphery, The 
chamber is jacketed with a cylindrical 
steel case forming an annular space for 
holding a mixture of dry ice and high- 
boiling-point naphtha. The steel cham- 
ber is housed in a wooden box with four 
inches of heat-insulating material be- 
tween the steel jacket and the box walls. 
It is important that the chambers be 
well constructed to prevent any leakage 
of room air which would cause frost 
deposition in the chamber and lead to 
erratic results. 

Under all conditions of operation the 
chambers are constantly flushed with 
filtered dry air, the dew point of whichis 
—70 degrees centigrade. This air is 
never recirculated. The amount of dry 


‘air admitted is limited by the capacity of 


the pump at the pressure at which the 
chambers are operated. At an air pres- 
sure of 19 centimeters of mercury which 
corresponds to an altitude of 34,000 feet, 
the air in the chamber is changed 10 to 
20 times per hour. At no time is there 
any frost visible on the inside walls of 
the chambers. The importance of taking 
this precaution hardly can be over- 
stressed. This is undoubtedly one of the 
reasons why test results obtained have 
always been in close agreement with 
actual airplane tests made at Patterson 
Field. 

The walls of the chambers are main- 
tained at a temperature of —70 degrees 
centigrade, although the inside air tem- 
perature may rise up to —50 or —40 de- 
grees centigrade, depending on the 
amount of heat dissipated by the unit 
under test. The surrounding cold walls 
help to freeze the impurities which might 
be given off by the windings of the ma- 
chines under test. Most of these impuri- 
ties naturally are swept out by the dry 
air which flushes the chambers. The low 
wall temperature also provides a continu- 
ous check of the dew point of the air 
entering the chamber. As long as there 
is no frost deposited on the chamber 
walls it is certain that the dew point of 
the air is lower than —70 degrees centi- 
grade. 


Tests IN HicH-ALTITUDE CHAMBERS 


The machines tested in the high-alti- 
tude chambers cover a wide variety of 
types and makes. These included Ampli- 
dynes, motor alternators, inverters, dyna- 
motors, inductor alternators, and various 
other types of small machines. The pro- 
cedure generally used was to operate the 


machines in room air with the brushes 


with which they were received and check 
their input and output ratings. The 
length of the room air test varied from 
24 hours to several days. After this they 
were tested in the chambers under the 
high-altitude conditions as described in 
the preceding section. The load condi- 
tions were varied for the different ma- 
chines. To simulate the actual working 
load, the Amplidynes were operated under 


7 


‘ 


a cyclic load schedule of 10 minutes full 
load and 50 minutes no load each hour, 
while the dynamotors carried a full load 
continuously. On the other hand, it was 
necessary to operate the inverters and 
alternators at 50 to 75 per cent of their 
sea-level rating to prevent excessive 
heating under the high-altitude condi- 
tions. In many instances when the ma- 
chines were supplied with brushes which 
had little or no high-altitude protection 
the brushes wore out in one to five hours. 
After this the commutators were resur- 
faced, high-altitude brushes installed, and 
the tests repeated. Table III gives the 
life obtained with ordinary and with high- 
altitude brushes on these machines in the 
high-altitude chambers. 

With some small machines, the output 
current of which is only a few milli- 
amperes, the commutators and brushes 
operate at temperatures considerably 
lower than 100 degrees centigrade. The 
brushes of such machines even if they do 
not have high altitude protection may 
not wear rapidly for several hours or even 
days because of the effect of condensed 
moisture on the commutator and quite 
often because of the condensation of con- 
taminants given off by the windings of 
the machine. 


EFFECT OF SPARKING ON BRUSH LIFE 


In the introduction it was mentioned 
that the machines used today on military 
airplanes can be divided from the point 
of view of compensation into three general 
groups: completely compensated, par- 
tially compensated, and without compen- 
sation. This has made it necessary to 
consider carefully the selection of proper 
brush grades for satisfactory commuta- 
tion at sea level. Machines without com- 
pensation usually use carbon brushes with 
or without a small amount of copper. 


Table Ill 
eS a a 
High-Altitude | Ordinary 
Brushes Brushes 
' Brush Brush 
Life in Life in 
Hours for Hours for 
Brush 1/i-Inch 1/,4-Inch 
Grade Wear Wear 
Amplidyne 
Tei pit esent. eee tenia AJT 250 mies 4 
Ont ptit= veces cscs. ck ATF: B00). swcme 4 
Dynamotor 
J Eee eS a en Outer Sa ALS Ee sites Ls hOU se atorors 12 
Low-voltage output ..ALP.... 960...... 19 
Medium-voltage out- 

PULAS Pees ses ca ese JS. choise OU Vania 162 
High-voltage output..AJS ....5,500...... 119 
Inverter 
Fupiitestesteas vee AMZ scc0 3,200 3h. oP 0.9 
Inverter 
TxAy9 (fis, sio; ol stave piel ona Sinton ATZ A sevens 0.5 
UEP UE. saersaisioiaiayel alan AJT 346....,. 130 
Alternator 
VTTPHIE seca gin ett ate ab wie T-171 2A0 vite 0.3 
RMPSth sane sea ete AME 18505509 440 
Inductor Alternator 
Ta PUL: deiacos (eimetesslexeias uA 520... 6 
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Instrumentation of 400-Cycle Aircraft 
Electric Systems 


A. J. CORSON 


MEMBER AIEE 


HE use of 400-cycle alternating cur- 

rent! as a power source on large air- 
craft originates the problem of adequate 
instrumeritation at the distribution panel. 
Load conditions on a d-c system are de- 
termined by the simple parameters of 
voltage and current, whereas those of the 
a-c system include frequency and active 
and reactive power, in addition to voltage 
and current. Specifically, the flight en- 
gineer will require the following informa- 
tion for intelligent operation of the sys- 
tem; mus 


1. Voltage indication, to show whether or 
not a machine is operating, and as a guide 
in the adjustment of the voltage regulator. 


2. Current indication, to determine whether 
or not a machine is overloaded. (Over- 
load also can be detected from voltmeter and 
watt—varmeter indications, but this requires 
~ considerable mental effort on the part of the 
flight engineer.) 


¥ 3. Active- and reactive-power indication 
(where two or more generators are operated 
in parallel), to guide the adjustment of 
governors for active load division and ad- 


justment of regulators for reactive load 


division. 

4, Frequency indication, to guide the re- 
mote adjustment of governors for frequency 
level where provision for such adjustment 
has been made. 


To summarize, a group of four instru- 
ments, namely, ammeter, voltmeter, 
watt—varmeter, and frequency indicator, 
together with their associated resistors 
and current transformer, is desired for use 
in a-c systems where parallel operation of 


A. G. STIMSON 


NONMEMBER AIEE 


W. A. SOLEY 


ASSOCIATE AIEE 


several alternators is required. Where 


nonparallel operation is used, either the 
watt-varmeter or ammeter can be elimi- 
nated. For installations using several al- 
ternators, duplication of certain instru- 
ments such as voltmeters and frequency 
instruments can be avoided by use of 
transfer switches. Normally it is expected 


‘that it will be necessary to read only one 


phase voltage, current, and power in each 
machine. This group of instruments will 
give the flight engineer reasonably com- 
plete knowledge of circuit conditions. In 
addition to their specific uses, they aid in 
the location and correction of minor faults 
and thus prevent major ones. They serve 
the flight engineer in much the same man- 
ner as the flight instruments serve the 
pilot. 


General Requirements—What Size 
and Weight? 


To be specific, we will consider the dis- 
tribution system of a three-phase 208- 


wye/120-volt 30-kw 40-kva 400-cycle al- . 


ternator and determine the minimum size 


Paper 44-240, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-—September 1, 1944. - Manuscript 


submitted June 23, 1944; made available for print- 


ing July 19, 1944, : 
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engineers, instrument engineering division, and 
W. A. Soxrey is design engineer, instrument trans- 
former engineering division, all with General Elec- 
tric Company, West Lynn, Mass. 


The authors acknowledge the assistance of L. G. 
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tional use of the instruments. 


The partially or fully compensated ma- 
chines often use copper-graphite brushes 
with a copper content of 50 per cent or 
more. 

Electric machines which operate satis- 
factorily without sparking or with minute 
sparking at sea level may not necessarily 
perform the same way under high-altitude 
conditions. The reason for this is that 
the contact drop of the brushes decreases 
with a reduction of air pressure and may 
not be sufficient to prevent the flow of 
large circulating currents and intensive 
sparking. Since high-altitude brushes 
depend on their satisfactory performance 
on the boundary film deposited on the 
commutator, any injury caused to this 
film by intensive sparking naturally will 
reflect on brush wear and general brush 
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performance. For this reason any com- 
pensation or machine adjustment which 
designers of electric machines can make 
to reduce or eliminate sparking will in- 
crease the likelihood of successful brush 
performance under high-altitude condi- 
tions. 
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vibration or voltage change, and so forth. 


and weight which will characterize as 
factory group of instruments. 1 
struments will have a body diame 
21/, inches, standard aircraft fl 
mounting facilities, with depths be 
the panel to suit the individual elemen 
All instruments will have scale leng 
approximately 90 angular degrees an 
general accuracy ratifig of two per ce: 
full-scale value. They must be designed 
to withstand satisfactorily the vibration, 
changes in temperature, air density, and 
humidity which may be encountered in 
service. Reasonable independence from 
load conditions, excepting the particular 
condition under measurement, is 
essential. This may be described as t 
self-isolating property of an instrume 
by which wattmeter indications are un- 
affected by frequency change, frequency- 
meter indications are unaffected by 


These, in brief, are the general require: 
ments on which the designs were based. 


‘ 


Measurement of Current and 
Voltages | : 


ree a 
Small-panel a-c moving-iron? volt 
meters and ammeters have been available 
from American manufacturers for so: 
years. The investigational work thus 
was limited to the selection of a mecha- 
nism of suitable size, as shown in Figure 
1, its enclosure in the standard 21/,-inch 
case, and determination of its character- 
istics in relation to the requirements. The 
instrument constants and conditional er- 
rors, as shown in Table I, are believed to 
be consistent with an accuracy rating of 
two per cent of the full-scale reading. 


t- 


Instrument Current Transformer 


_ The continuous current rating of the 
40-kva alternators is 111 amperes, and 
ammeter-scale capacity of 250 amp 
was chosen to provide liberally for o 
load conditions, which are of prime 
importance to the flight engineer. 


‘ , q 
Small-panel 21 /4-inch moving-iron 
ammeter, cover removed — 


Figure 1. 
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CORRECTION FACTOR 


PRIMARY CURRENT (AMPERES) 


Figure 2. Curves showing correction factors 
for 400-cycle 125:1 current transformer for 
line power factor of 0.75, with burden of 
ammeter, watt—-varmeter, and voltage regulator 


Ratio correction factor (RCF) applies to am- 

meter reading. Transformer correction factor 

(TCF) applies to wattmeter reading. Var- 

meter correction factor (VCF) applies to var 

indication when the external resistor furnished 
with the watt-varmeter is used 


To avoid the necessity of running power 
leads to the instruments and voltage regu- 
lator, and to make possible lightweight 
instrument designs, a special 125:1 cur- 
rent transformer of minimum weight was 
designed for this application. For sim- 
plicity of construction and economy of 
material, the window type was chosen. 
This type, with the current magnitudes 
involved, gave a low number of ampere 
turns which at 60 cycles would have re- 
quired arather heavy core. At 400 cycles, 
however, the flux required was low enough 
to permit use of asmall core. Further ad- 
vantage was obtained by using a high- 
permeability nickel-alloy core material 
wound in a continuous spiral so as to 
avoid joints. The secondary coil was 
wound toroidally on this core, thus practi- 
cally eliminating any effect of leakage flux. 

In order to achieve the minimum 
weight in this aircraft current trans- 
former, it was designed and compensated 
for the particular burden with which it 
was to be used. Furthermore, the ratio 
and phase-angle errors were made largely 
to offset each other, thus giving a small 


Figure 3. Window-type 400-cycle current 
transformer for aircraft, 21/9-inch diameter 
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CURRENT TRANSFORMER 
A 
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BACK VIEW OF 
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Ir2-3 S 


Figure 4. External-connection diagram for 
watt-varmeter 


wattmeter error, even though the phase 
angle was larger than generally allowed in 
instrument transformers. These design 
principles permit the core to be of much 
smaller cross section than is the case when 
one transformer must be capable of sup- 
plying a range of burdens. Curves of 
ratio correction factor (RCF), trans- 
former correction factor (TCF), and var 
correction factor (VCF) are shown in 
Figure 2. Of course, a transformer de- 


signed for a specific burden would be less 


accurate if used for other burdens, but 
that does not matter when the burden is 
definitely known in advance. Similar 
transformers for other burdenscan bemade 
readily by minor modifications of design. 

The weight of the 400-cycle trans- 
former, illustrated in Figure 3, is 0.43 


Table I. Constants and Performance Data of 
21/4-Inch O-2.0-Ampere Ammeters and 
0-250-Volt Voltmeters 


Average of 16 Samples. Normal Accuracy— 


Two Per Cent of Full-Scale Value. Weight— 
0.37 Pound Each 

Scale Constants 

POeTsen etl (INCHES) aie lelsteleeercials overstate’ afer 1.52 

2. Angle of deflection (degrees).........4... 85.1 


Moving Element 
1. Full-scale torque (7) (millimeter grams). .0.24 


2. Mechanical factor of merit (T/W)....... 0.52 
8. Response time (seconds),............... 1.30 
Volt-Ampere Burden 

1. Voltmeter at 250 volts (va)............. 0.27 
2. Ammeter at 250/2 amperes (va)......... 0.20 


Performance Data 


All errors are expressed as a percentage of the full- 


scale value. 
Ammeter Voltmeter 


1. Full-scale self-heating er- 


POLE nisie sien. dirwalefolsiearaleye <+0.3 +0.6 
2. Frequency error 
(a). 400-450 cycles......... <+0.3...<=+0.3 
(b). 400-350 cycles......... <+0.3... +0.5 
3. Ambient-temperature er- 

ror ; 
(a), +25 Cto +68C........ +0.9 —1.2 
(b). +25 Cto —38C........ —-1.3 +1.8 
(c). Permanent change...... +0.3 +0.4 
4, Error due to 10 instan- 

taneotis applications of 

1,000 per cent load to 

ammeter...... Basch +0.6 
5, Effect of 95 per cent rela- 

tive humidity at 65 C 

for G HOUTS| Aloha) aysieveie =o +0.3 +0.5 
6; Effect of vibration at 

500-3,000 cycles per 

minute 0.020-inch am- 

py plitudedi sister - oi cise © < +0.3...< +0.3 
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Figure 5. Ferromagnetic field structure of 
watt-varmeter with field-coil winding 


pound. This weight advantage results 
not only from the measures just described 
but also from the method of support, con- 
sisting of a punched aluminum frame over 
which the winding is placed as shown in 
the illustration. A transformer of the 
same type and material for use on 60- 
cycle circuits would weigh about three or 
four pounds. The smallest usual 60- 
cycle current transformer of equivalent 
current rating weighs about 13 pounds. 


Measurement of Active and 
Reactive Power 


Since major loads are balanced and the 
system neutral is grounded, considerable 
saving in weight was achieved by the 
adoption of a single-phase element with 
the cross-phase connection for the meas- 
urement of vars-as shown in Figure 4. In 
selecting the basic element, the following _ 
types were considered: 


(a). Electrodynamic—iron core. 
(6). Electrodynamic—air core. 
(c). Induction-disk type. 
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Figure 6. Curves showing typical core loss 
versus frequency for Nicaloi 
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' Table II. Constants and Performance Data of 
21 /4-Inch Single-Phase Watt-Varmeter Rated 
120 Volts, 1.11 Amperes, 133.3 Calibrating 
Watts With 0-50-Kw Scale for Three-Phase 
Four-Wire 208/120-Volt System and 125:1 

Current-Transformer Ratio 


_ Average of Seven Samples. Normal Accu- 

racy—Iwo Per Cent of Full-Scale Value. 

~ Weight—0.58 Pound Each Including External 
Varmeter Resistor 


Scale Constants 


3) ‘Gength (riches) 327 denn <acooete ose 1.56 
2. Angle of deflection (degrees)......... 90 
Moving System 
1, Full-scale torque (7) (millimeter- 
GRATE) 2) fe Sith s wie tele Leite astete tasy Pie ses 0.35 
2. Mechanical factor of merit (T/W)....1.06 
de Laminin taCton nasi Natace ean ese fn 2.0 
4, Response time (seconds)............ ae 
Potential Circuit 
1. Total terminal resistance (ohms)..... 12,000 
pu WALES LOSS sere eig divisiz eave ws) 8 Facial no eheers 205 
3. Armature resistance (ohms)......... 46 
4, Armature, reactance 400 cycles 
ROWINS)/o 06 5) 0% o.0 Reet esate He aueeay orate chek 3.2 
5. Maximum temperature rise of re- 


+ ‘sistor spools (degrees centigrade) .37.5 
Current Circuit (Field) 
We Resistance’) (ObniS) ees), Foi. vieisl a .ste els 0.10 
AV ECS OIDES St csoiisths nets Mo noire cenit ears 0.12 


3. Volt-ampere burden at rated current. .2.5 
4. Temperature rise (degrees centi- 


BOIL) ors hos tate pats pore in ar cagcusl wip latetere cs 18 
Per Cent 
Full-Scale 
Performance Value 
i, Self-heating error. ... 82052004 .i02 4). —0.5 
(120 volts, 1.11 amperes, 400 cycles) 
2. Frequency error, unity power factor 
(a). AO0—460 cycles’... S58 Nace os <-—0.3 
Peta 400-850: cycles! 56. ires vile bsisidauere <—0.3 
_ 3. Ambient-temperature error 
(a)., +25 Cto +68C........., ete leas +1.1 
(OP EebIG to — BSI iis ieee sek —2.1 
(c@). Permanent change..........0.s000 —-0.5 
4. Low-power-factor error at rated volt- 
(amperes es 
(aie OVS power factories «asso kolatena —0.5 
CB Oa DOWEL CACEOL. 5o)3.6s:culervsecie'sreja.e —0.7 
5. © Varmeter operation 
(a), Zero power factor at instrument, 
rated volt-amperes. /65..0). ache we +0.9 
6. Voltage error ; 
(a), 120-132 volts. si... Davaie brane sie can +0.3 
(b). 120-108 volts....... pr ecsiaaisteicnahe i) + —0.3 
7. Sustained overload 
(a). Six hours at 100 per cent voltage, 
y 120 per cent. currents... 6.5. clesnces +0.3 
8. Error due to 10 instantaneous appli- 
cations of 1,000 per cent load to 
COSEEOL CUCIIC. oc pai ctata n vienes 3 to <=+0.3 
9. Effect of 95 per cent relative humid- 
ity at 65'C for'6 hours... 6.3. .0600s6 +0.5 
10. Effect of vibration for 2 hours at. 
500-3,000 cycles per minute at 
0.020-inch amplitude............. 1,0 


The electrodynamic iron-core con- 
struction was chosen for the following 
reasons: 


(a). For a given torque size and weight 
were minimum. 


(6). The same mechanism can be used for 
other measurements, such as frequency. 


(c). The scale is linear and consistently re- 
produceable, making possible a predeter- 
mined scale distribution. 


(d). Inherent performance errors are small 
and can be compensated by known and sim- 
ple means. 


The magnetic structure of the watt- 
meter, Figure 5, comprises two stacks of 
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laminations which overlap within the 


field coil and which are held in position 


by screws. The laminations are made of 


Nicaloi, 0.004 inch thick, a material which 
combines moderately high permeability 
with low core losses. The 400-cycle core 
losses at 50 kilolines per square inch, as 
shown by the curves of Figure 6, are more 
than 18 times the 60-cycle value. The 
magnetic material within the coil was 
operated at maximum density compatible 


_with linear saturation characteristics and 


acceptable volt-ampere burden. 

The electric circuit of the wattmeter, 
Figure 7, is composed of the field or cur- 
rent circuit and the armature or potential 
circuit, Each circuit is insulated from the 
other and from ground. The armature 
circuit includes two adjustable resistors 
and a reactance unit. These internal re- 
sistors provide an adjustment range of 
+8 per cent of the instrument reading and 
are used for calibration adjustment dur- 
ing manufacture. The reactance com- 
pensates for the low-power-factor error 
originating from the phase-angle differ- 


ADJUSTABLE 
RESISTANCES 


FIELD WINDING 


1M T 
ORE AC TANGE © ATINDING: 
Figure 7. Electric circuit of 400-cycle watt- 
varmeter 


Series reactance is used in the potential circuit 
to compensate for the phase angle between 
field flux and field current when measuring, vars 


ence between field flux and field current 
due to core loss in the magnetic material. © 


It introduces a corresponding phase-angle 
lag between potential-circuit voltage and 
armature current. The compensation is 
very good in the operating frequency 


range, and the maximum recorded in- 


strument error at any load, zero power 
factor, did not exceed 1.5 per cent of the 
full-scale reading. The low-power-factor 


error is of importance when the instru-_ 


ment is used as a varmeter. 
Since the reactance of coils at 400 cycles 


is 6.7 times as great as at 60 cycles, it was 


necessary to use minimum ampere turns 
on the field to minimize the volt-ampere 
burden on the transformer. For this 
reason, the potential-circuit resistance 
was designed for 100 ohms per volt. At 
power frequencies, this resistance could 
be increased to 1,000 ohms per volt. 


The constants and performance of the ~— 


watt-varmeter, Table II, show reason- 
able conformity with the objectives of the 
design. The magnetic damping system, 
illustrated in Figure 8, consists of a small 
U-shaped Alnico II magnet and 0.008- 
inch aluminum disk. This system pro- 
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duces satisfactory dynamic chai 
istics which are independent of air 
sity and altitude. 


_ Measurement of Frequency 


The design of the 120-volt 350-45¢ 
cycle frequency meter is based on th 
principle of series resonance at norm 
frequency. Of the several methods of a 
‘plication of this principle, the circu: 
which appeared to yield the minimu 
weight and size is that illustrated in Fi; 
ure 9. This circuit consists of the field 
coil, further shown in Figure 10, and a 
moving coil connected through capacitor 
reactor, and resistor to a secondary wind- 
ing on the field coil. 

The operation of the instrument is ex- 
plained best by reference to the vector 
diagram. The field current, Jy, produces 
a field flux, ¢7, which induces the arma- 
ture-circuit voltage, E,. The flux ¢ in 
the air gap at the armature is a portio: 
of dr. The reaction between ¢ and thi 
armature current, J,, produces the de 
flecting torque. At resonance, approxi- 
mately 400 cycles, the armature curr- 
ent, ZJ,, is in quadrature with the field 
flux, and no torque is produced. At 350 
cycles the armature current, Iz, leads the 
armature voltage, E,, and produces a- 
down-scale deflecting torque proportional 
to I, sin a. At 450 cycles the armature 
current lags the voltage and produces ar 
up-seale deflecting torque also propor- 
tional to J, sin a. These deflecting 
.torques vary with frequency, and true 
frequency indication is obtained by the 
addition of a restoring torque which is a 
function of the line voltage and armature 
displacement from the center scale posi- 
tion. This restoring torque is produced 
by a small Mu-metal vane® fixed to the 


Figure 8. Small-panel 21 Ia-inch electro- | 
dynamic 400-cycle watt-varmeter with cover 
removed : . 
The internal adjustable resistors are mounted 
on the insulating base 
; 
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armature shaft which tends to align itself 
with the parallel field flux. This con- 
struction minimizes the influence of volt- 
age on frequency indication because both 
the deflecting torque and restoring torque 
vary with the second power of the voltage. 

The transformer shown in the circuit 
diagram, which consists of two windings 
on the same spool, is used to energize the 
armature circuit because the phase angle 
between £, and ¢ will not change with in- 
crease in field resistance due to self-heat- 
ing. Since no deflecting torque is pro- 
duced at resonant frequency, changes in 
armature resistance do not appreciably 


Table Ill. Constants and Performance Data of 
2'/4-Inch 120-Volt 350-450-Cycle Self- 
Contained Frequency Meters _ 


Average of Four Samples. Weight—0.83 
Pound Each. Conditional Errors Are Ex- 
pressed in Cycles 


Scale Constants 

Ne ee aetio thn (iach es)! 4 A iavaie aust ileld os o/c wivistwiont 1.53 
2. Angle of deflection (degrees)........... 87.5 
Moving System 


1, Equivalent* full-scale torque (T) 
(millimeter grams). (4% 0.66500... 0.43 
2. Equivalent mechanical factor of merit 


(CLAN AIR Ar ce Sea eee eR OC ee Bee .53 
3. Response time# (seconds) ..........00. 1.80 
Volt-Ampere Burden at 120 Volts 400 Cycles 
de Cnrrert (ainperes)!s 22. cece se teaceaek 0.113 
PAA Olt=aIN POLES rhs Salle ore el OS 13.6 
SS PAVE SAE ROSE oe ieee Rot ONG 1.9 
350 400 450 
Performance Cycles Cycles Cycles 
1, Self-heating error . 
at 120 volts. ..... +3.8.. +2.8..+1.4 
2. Voltage error 
(a). 120-132 volts.... +3.3.. .+0.5..—4.6 
(6). 120-108 volts.... —3.5.. —0.8..+3.6 
Ambient-tempera- 
ture error 
(a). +25Cto+68C.. +1.3.. +0.9..+1.8 
(6). +25Cto—38C.. —5.0.. —3.9..—0.7 
(c). Permanent 
Change cde, sii aie #0.9,. +1.0..+0.9 
4; Effect of 95 per 
cent relative 
humidity and 
65 C for 6 hours... < +0.3.. << +0.3.. =1.1 


5. Effect of vibration 
for 2 hours at 
500-3,000 cy- 
cles at 0.020- 


inch amplitude. . +0.4.. <=+0.3..+0.5 


* This is the product of the torque gradient at 400 


cycles and the scale angle. 


# The interval required for the pointer to indicate 
true frequency when instrument is energized at 400 
cycles 120 volts. 


Table IV. Weights of Typical Sample 21/4- 
Inch Ajircraft-Power Panel Instruments 


Weight in Pounds 


400-Cycle 
D-C A-C 

Instrument System System 
Ammeter (instrument only)..... O< 40 ire. 0.37 
OESHCLOT til als cieisre. ale oveje 21e0aye Ova aracsO.on 
UAE VAGTIEUCE. s ohie vlercte wiclslal «)elcistw eteletaietate 0.58 
Frequency meter. Pas ROL OOOO Fore 0.83 
PETA STORING 6 cveiel'y olie.el baie (levers 9 yee ial¢ lel alsieke 0.43 

MALE rere op cgteas 7 cis a)nidlaieus shot) +: 0% 1. 

DEAL eines cioicer sr sel Sia 6 YARD aa 2.58 
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affect accuracy at mid-scale frequencies. 

The scale distribution, as analyzed in 
Appendix I, is open and readable through- 
out the frequency range, although not 
quite symmetrical with respect to the 400- 
cycle reference point. 

Connections to the armature winding 
ate made through low-torque spirals 


which are positioned to pull the pointer off 


scale to the left when the instrument is de- 
energized. This extraneous torque in- 
troduces a small voltage error and slightly 
changes the resonant-frequency adjust- 
ment. 

In calibrating the frequency meter 
three adjustments are required: 


1. The restoring torque is determined by 
the factory setting of the angular position of 
the armature vane. 


2. The deflecting torque is adjusted to give 
the proper scale length by variation of the 
series rheostat, the effect of which is shown 
in Figure 11. : 

3. The pointer position is set by adjust- 
ment of the reactance. 


To facilitate calibration, both coarse and 
fine adjustments are provided. The 
parallel lines, Figure 12, show that the 
pointer position can be controlled by this 
change in reactance without altering the 
scale length. These adjustments are used 
in the initial setting of the calibration at 
the factory. 


Magnetic shielding of the frequency 


meter was necessary to eliminate stray 
fields which otherwise would produce a 
phase-angle change between the field flux 
in the transformer and that acting on the 
armature. 

The characteristics and performance 
are tabulatedin Table III. The minimum 
torque of the frequency meters is 33 per 
cent more than that of the wattmeters 
because of the heavier armature. The 
ratio of torque to armature weight varies 
from 0.5 to 1.0, depending on scale posi- 


Figure 9. Electric circuit and approximate 
vector diagram of 400-cycle self-contained 
21 /4-inch frequency meter 


Operation depends on the unique variation 
with frequency of the phase angle between 
the armature current, |, and the field flux, ¢ 


FIELD WINDIN G 
AND TRANSFORME 


FIELD FLUX IN GAP_¢ 


MU-METAL _/ 
ARMATURE VANE 
ARMATURE 
WINDING \ 
ADJUSTABLE 
RESISTANCE 
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ADJUSTABLE 
INDUCTANCE 


ly C[||CAPACITOR 


Figure 10. Ferromagnetic field structure of 
frequency meter with field-coil winding and 
internal transformer 


tion. Ambient-temperature errors are 
due principally to changes in resistance 
of the armature circuits, the ohmic re- 
sistance of which is approximately 25 per 
cent copper. Changes in core loss with 
temperature introduce phase-angle errors. 
Both sources of error originate from the 
space limitations of the device. The per- 
formance is best in the operating range 
around 400 cycles. 


Conclusion 


The weight summary of Table IV com- 
pares the instrumentation of the 400- 
cycle a-c system with that of a 27-volt d-c 
system of equivalent capacity. The ma-— 
jor component of the d-c system is the 
1,200-ampere 50-millivolt shunt, while the 
weight of the a-cinstrument group is more 
uniformly distributed with no single value 
exceeding one pound. The totals are sub- 
stantially equal, and thus it is shown that 
the a-c instrumentation, including the 
measurement of watts, vars, and fre- 
quency, by careful design, can be accom-~- 
plished without weight penalty. The 
function of instrumentation is the pres- 
entation of information in a manner suit- 
able for quick and adequate perception. 
This factor has been fully recognized by — 
designing instruments of uniform size, 
method of indication, and scale length, as — 
shown in Figure 13. Uniform dynamic 
characteristics are obtained by magnetic 
damping of the moving systems. Per- 
formance data, while preliminary in char- 
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SCALE LENGTH (DEGREES) 


9000 


1100 1300 
RESISTANCE (OHMS) 


1500 


Figure 11. Curve showing scale arc length 
versus armature-circuit resistance for frequency 
meter 


acter and including neither field nor flight 
tests, show no serious limitations in either 
accuracy or durability. 


Appendix Calculation of the 
Scale Distribution of the 
Frequency Meter 
The scale distribution of the frequency 


meter may be 
matically from the circuit constants and 


physical arrangement of the instrument. 
parts shown in Figure 9. The three torques 


acting on the armature are evaluated and the 
equation of the scale distribution derived by 
equating their sum to zero. Numerical 
solution is obtained by applying the bound- 
ary conditions defined by the scale length 
and frequency range. Comparison of calcu- 
lated with actual values is shown by the 
curves of Figure 14. 


Assumptions 


To simplify the solution the following 
assumptions are made: 
lt. The flux, ¢, in the air gap is uniform, parallel, 
and normal to the pole faces. 


2. The flux, ¢, in the air gap is in phase with the 
fux, $7, in the field-coil transformer. 


3. The flux, ¢, in the air gap leads the armature 
voltage, Ha, by 90 electrical degrees. 


- ie 2: fin 
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REACTOR ADJUSTMENT 


predetermined mathe-. 


APPLIED FREQUENCY 


“Figure 12. Curves showing range of adjust- 


ment for calibrating the frequency meter 
by changing armature-circuit inductance by 
means of the adjustable reactor 


POINTER DEFLECTION—DEGREES 


FREQUENCY 


Figure 14. Curves showing actual scale dis- 


tribution of one sample frequency meter 

and the theoretical distribution calculated 

from the known circuit constants and physical 
arrangement of the instrument parts 


Figure 13. Small- 
panel 2! /4-inch 400- 
cycle instruments for 
aircraft mounted on 
metal panel 
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4, The moving system is perfectly balanced, 
friction is negligible. ; 


Nomenclature 


Ez, =line voltage (volts). 
E,=armature-circuit voltage (volts) 
I= field current (amperes) 
or =field flux induced by Jp (maxwells) 
¢=field flux effective on armature in gap 
(maxwells) 
N=number of turns on field coils” 
K=spring constant of spirals (millimeter 
grams per radian) 
Ki, Ko, K3, Ks, and so forth =constants 
J, =current in armature circuit (amperes) 
Z,=impedance of armature circuit (ohms) 
Xz =inductive reactance of armature circuit 
(ohms) } 
X¢=capacitive reactance of armature cir-_ 
cuit (ohms) f 
L=inductance of armature circuit (henrys) _ 
C=capacitance in armature circuit (farads) _ 
R,=armature-circuit resistance (ohms) 
S=initial deflection of spiral springs cron me 
center scale (radians) 
@=armature deflection (radians) (+ is 
clockwise). When #=0, 


>t 


(a). Pointer is at center scale. 
(b). Spiral deflection is +S. 
(c). Armature vane is in line with flux ¢. 


(d). Armature winding axis is at 90 degrees to flux ; 


¥y=moment arm of armature conductors 
f=frequency, cycles per second 
Tp =electrodynamic deflecting torque (milli- 
meter grams) (+ is clockwise) —. 
Ty=torque due to armature iron vane 
(millimeter grams) (+ is clockwise) 
Ts =torque due to spirals (millimeter: grams) 


(+ is clockwise) > 
a=phase angle between armature voltane 
_ and current ~3 a 
a=tan~![(X~t—X¢)/Rg] 
Analysis ae : i. 
The electrodynamic deflecting torque, Tp, — 


To=Kigylasine - = a) 


The flux, ¢, in the air gap of the instru- 
ment due to the field current, Ip, which re- 
acts with the armature current, I,, may be 


acting on the armature of the frequency in- 
expressed as 
$= Kee 2) 


strument is 
i 


The component of the armature current, — 
Iq, which is in phase with the field flux, ¢, is. 


JI, sin a=— sin a (3) 
Zi sg 


The moment arm of the armature conduc- 
tor may be written 
y=K; cos 6 (4) 


Equations 2, 3, and 4 may ve substituted 
in equation 1: 


ExE, 


sin @ cos 6 


(5) 
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A Distance Relay With Adjustable 


Phase-Angle Discrimination 


S$. L. GOLDSBOROUGH__- 


MEMBER AIEE 


ISTANCE-TYPE  transmission-line 

relays have been used very success- 
fully for a number of years. Several dif- 
ferent distance-type characteristics have 
been available. Among these character- 
istics are the impedance relay which 
measures impedance substantially inde- 
pendent of the phase angle, the reactance 
relay which responds only to the reactive 
component of the impedance, and'a third 
characteristic which responds to a com- 
promise between pturre impedance and re- 
actance. Another type of relay character- 
istic which combines impedance measure- 
ment with a directional indication has 
been used for a number of years as a fault- 
detector element to supervise another 
distance-measuring element. 

These distance-type relays have been 
able to cope with most of the conditions 
encountered on the majority of transmis- 
sion lines and systems. However, at 
present, the conditions which the relays 
must handle are becoming more and more 
difficult. This is because of increased 
loading especially on the longer transmis- 
sion lines. Because of this it is becoming 
increasingly difficult for distance relays to 


_Same terms. 


distinguish between fault conditions and 
load conditions. It is the purpose of this 
paper to describe a new relay whose dis- 
tance-response characteristic can be 


_ shifted or moded to fit different conditions. 


Distance elements which have capacity to 
discriminate between load currents and 
fault currents have been available but 
have been used mostly as fault-detector 
elements rather than distance-measuring 
elements to provide primary protection. 

The relay to be described has direc- 
tional discrimination as well as distance- 
measuring capacity and furthermore its 
directional discrimination can be regulated 
from zero to the maximum by the manipu- 
lation of suitable taps. 

In applying relays to a transmission sys- 
tem it is necessary to state the relay char- 


‘acteristics in the same terms that the 


system conditions are stated. This is 
especially true of distance-type relays. If 
the relay characteristics are thought of in 
terms of volts and amperes, then the sys- 
tem conditions should be stated in the 
With the distance relays, 
however, it is difficult to think in terms of 
volts and amperes, because these values 


The restoring torque acting on the arma- 
ture due to its iron vane tending to align it- 
self with the field flux, ¢, is 


“edi E,\? 
Pen oK; (=) sin 20 (6) 
The extraneous torque due to the lead-in, 
spiral springs is 
Ts=—K(@+S) (7) 


Since the summation of torques acting on 
the armature must be zero, for steady-state 

_ indication, 
Tp+Ty+Ts=0 : (8) 


If equations 5, 6, and 7 are substituted in 
equation 8: 


7 ExE Er, \? 
Fi sin a cos 6— K, (2) sin 26— 


K@+S)=0 (9) 


This is the equation for the scale distribu- 
tion. For the purpose of determining the 
values of K,and Kz, the following boundary 
conditions are asstumed which correspond 
to the scale length of one of the sample 
instruments: 

1. At f=350 cycles the pointer deflection is 0= 
—44 degrees, 


2. At f=450 cycles the pointer deflection is 0= 
+43 degrees. 
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By substituting these values and the 
known constants, equation 9 is reduced to 
the following functions of frequency and 
deflection: 


sin a cos 8 sin 26 


(2.4) 108 


— (1.56) 104 


0.038(0-+1)=0 (10) 


Equation 10 defines the theoretical scale 
distribution in terms of pointer deflection, 6; 
frequency, f; and known constants. The 
solution to equation 10 is shown by the 
calculated curve of Figure 14 and is com- 
pared to the distribution of one of the 
sample instruments by the “‘actual’”’ curve. 


Deviation between the curves is due mostly | 


to the nonuniform distribution of flux in the 
air gap. ‘ 
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vary widely for the same relay response. 
This relay response is some function of 
the ratio between volts and amperes and, 
for any given value of the ratio, there may 
exist an infinite number of values of the 
volts and amperes. It therefore simpli- 
fies matters greatly to think of the dis- 
tance-relay response in terms of the ratio 
of volts to amperes or in other words to 
think of the impedance, reactance, resist- 
ance, or combination thereof to which the 
relay responds. In applying these relays 
to a power system it is necessary to think 
of the system in the same terms. How- 
ever, in designing distance relays it is 
necessary to think in terms of the volts, 
amperes, and phase angle to which it 
must respond because these are the quan- 
tities which actually operate the contact- 
actuating parts. 

When distance relays are applied to 
transmission lines it is most convenient 
to plot both the relay characteristics and 
the transmission line conditions on an 
impedance diagram, that is, on rectangu- 
lar co-ordinates of resistance and react- 
ance. This gives a picture of the imped- 
ance values for which relay operation is 
desired, as well as a picture of the im- 
pedance values seen by the relay during 
load and synchronizing surge conditions, 
for which operation is not desired. 

It is interesting to see what the various 
relay characteristics look like on a current- 
phase angle basis and what occurs when 
transfer is made to the Rand jX diagram, 
When the current response against a given 
voltage is plotted against phase angles, 
the loci of all distance-type relays whether 
impedance, reactance, resistance, or any 
combination thereof are circles if we con- 
sider the straight line as the special case 
of a circle with infinite radius. No at- 
tempt here is made to provide rigorous 
proof of this statement as this has been 
covered in various publications. It is 
instructive to examine the various dis- 
tance-relay characteristics on the current- 
angle diagram and then transfer them to 
the resistance and reactance co-ordinates. 

With reference to Figure 1, the im- 
pedance relay has the response circle 
shown with its center at the origin. Itis 
obvious that the current locus must be a 
circle since a pure-impedance relay will 
operate against a given voltage restraint 
at the same current value regardless of the 
phase angle between the current and volt- 
age. To transfer this circular character- 
istic to the resistance-reactance co-ordi- 
nates in Figure 2, it is necessary only to 
divide the constant-voltage restraint by 
the current pickup values at different 
angles and plot the resultant impedance 
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P21 b-s 


180° 


Figiire 1. Current-phase-angle diagram of 
impedance, reactance, and composite charac- 
teristics 


values at the corresponding angles on the 
R-X diagram. Obviously the current 
circle of Figure 1 with its center at the 


origin is also an impedance circlein Figure | 


2 with its center at the origin. Ifthe cur- 
rent circle, Figure 1, were to be moved 
to the right along the 90-270-degree axis 
until it is tangent to the 0-180-degree axis 
it then becomes a pure reactance charac- 


| - teristic. Plotting the reciprocal of the 


current-pickup values given by this circle 
at different angles on the R-X diagram 
at corresponding angles gives the straight- 
line reactance characteristic in Figure 2. 
Placing the circle at a position between the 
impedance and reactance circles in Figure 
1 gives a composite characteristic depicted 
by the large circle in Figure 2. Pushing 
the circle in Figure 1 beyond the reactance 
circle such as at X+ bends the reactance 
_ characteristic in Figure 2 upward into the’ 

circle shown. 4 

While in the foregoing discussion the 


_ characteristic circle was shifted along the | 


X axis, it is to be understood that this 
shifting process can be performed along 
any angular axis. or 

In Figure 1 the current-locus circle 


4 pe 


Figure 2. Resistance-reactance diagram of 
current loci of Figure 1 
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was shifted to the right by bodily moving 
the circle over. The circle can be shifted 
in another manner, that is, by holding a 
point on the circle stationary and then 
expanding its diameter to minus infinity 
after which its diameter is reduced from 
positive infinity. Figure 3 shows this 
transformation where the circles are all 
passed through the point [=5. Trans- 
ferring these circles to the R-X diagram 
yields the interesting set of circles in 
Figure 4, Note that the impedance 
circle decreases in diameter and moves 
upward, The movement of the center of 
the circle away from the origin means 
that the impedance characteristic acquires 
a sense of direction. In other words, it 
means that response to impedance values 
in some directions is greater than its re- 
sponse in other directions. When the 
circle becomes tangent to the R axis, it 


0° 


dabes 


CENTER 

Z4 CIRCLE 

CENTER 
Z2 CIRCLE 


\g0° 


Figure 3. Civenteplarerncle diagram of 
various impedance characteristics 


means that the impedance characteristic 
has become completely directional. 

In applying distance relays to trans- 
mission lines it is convenient to plot the 
conditions for which tripping is desired 
as well as the nontripping conditions on 
resistance and reactance co-ordinates. It 
is easy to plot the fault ohms on this dia- 
gram as the resistance and reactance ohms 
of the transmission line are readily avail- 
able. Thus in Figure 5 the line Ly-L,’ 
represents the line on which the impedance 
ohms of the line fall, and the point B 
represents the ohms for a solid fault at 
the far bus. The vector Lrg represents 
the apparent impedance value when fault 
arc resistance is included. On short lines 
the line ohm vector is the only one to be 
considered. 
heavily loaded lines it is usually necessary 
to consider the impedance values seen by 
the relays during normal load conditions 
and during surge conditions when syn- 
chronizing current is flowing over the 
line to keep the generating sources in step. 
While it is easy to plot the normal-load- 
impedance vector it is generally much 
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However, on the longer. 


- ing momentary load swings and synchro- 


more difficult to plot the values represent 


nizing surges. The exact location of the 
impedance vectors for the latter conditions 
involves considerable calculation but 
methods for doing this have been covered 
previously. An approximate idea of the 
manner in which the synchronizing-surge- 
impedance vector shifts can be gained ‘by 
locating the point along the line Ly which 
represents the number of ohms the elec- 
trical center is away from the relay loca- 
tion. The load or surge-impedance vector - 
will terminate in a straight line which 
intersects the line Ly at the electrical 
center. The more severe the swing con- 
dition the closer this vector will approach 
the line Ly. Some particular maximum 
approach to the line Ly will represent the 
dividing line between ability of the system 
to stay in step or to develop into a definite 
out-of-step condition. Generally it is de- 
sirable to permit tripping for all surge con- 
ditions from which the system cannot re- 
cover but to prevent tripping for all load 
conditions and surges up to this nonre- 
covering point. The object in applying 
distance relays to transmission lines is to 
utilize a relay characteristic that will 
trip definitely for faults on the line but 
not trip for swing conditions from which 
the system can recover. This means that 
the relay-response characteristic, when 
plotted on the R-X diagram, must en- 
circle properly the line ohms including 
fault resistance but must not encircle the 
swing ohms. Realizing that the minimum — 
synchronizing surge ohms for which it is 
not desired to trip may fall quite close to 
the fault-ohm line it becomes evident that — 
a characteristic similar to Figure 5 is 
necessary. Suchacharacteristiccoulden- — 
close the line ohms but exclude the syn- 
chronizing-surge ohms if the diameter of 
the circle, the position of the circle on an 
axis, and the angular position of the axis 
were all adjustable. a a . 


"5x 
Figure 4. Circles of Figure 3 plotted on R © 


4 
. 
; 
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Such a characteristic has been imparted 
to the beam-type impedance relay by 
making the restraint proportional not to 
voltage alone but proportional to the vec- 
tor sum of the fault voltage and the fault 
current while the operating force is made 
proportional to the fault current. Figure 
6 shows the schematic connections. The 
delta current I,-I, is applied to the pri- 
mary winding of a current transformer 
and to the operating coil on the beam ele- 
ment. The secondary of the current 
transformer being shunted by the reactor 
X,, causes a voltage drop across the resistor 
R; which leads the current by 60 degrees. 
A portion of the voltage R, is introduced 
into the circuit supplying voltage to the 
standard split-phase potential-restraint 
coils of the beam element. The voltage 
Ez is fed through the phase shifter as 
shown. As a result of this arrangement 
the energy fed into the potential-restraint 
coils of the impedance element is propor- 
tional to the vector sum of E,, and 
I,-T3. 

The action which takes place to catse 
the element to have a circular character- 
istic can be seen from the vector diagram 
in Figure 7. This is drawn for the case 
where the center of the circle is to be 
placed on the X axis and the circle is to 
pass through zero. Assume that the 
fault current I,-Izp=I, lags the fault 
voltage E,, by 90 degrees and that under 
this condition the current in the potential- 
restraint coils due to the fault current Jp 
is 180 degrees out of phase with the cur- 
rent due to the restraint voltage E,p. 


The operating energy on the front end 


of the beam is represented by the vector 
Mo, although this is the same current as 
that operating on the rear end of the beam, 
while the current on the front end is 
shown as a vector, no vector relationship 
exists between the pull on the front end 
and the pull on the back end of the beam, 
since the beam has substantially no re- 
sponse to the phase angle between the 
forces on the two ends. It is arranged 
that the current Jp produces a mechanical 
force on the front end of the beam equal 
a 
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Figure 5. Line and relay characteristics 
plotted on R and X co-ordinates 
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to the force produced by the current on 
the back end of the beam when no voltage 
is present. For. fault currents lagging 
90 degrees it is easy to establish the con- 
ditions for a balance point. For instance, 
if the voltage E is assumed to be 12 units, 
then it is evident that the current I, 
directly opposite must be 6 units in order 
for the net restraint of 6 units just to 
balance an operating force of 6 units. If 
the current lags the voltage less than 90 
degrees (say Ip’), it must be increased to 
a value such that the vector sum of Ip 
and E, (or J,) still equals Ip because the 
operating current Jp has increased at the 
samme rate, in order to maintain a balance 
point. It can be seen from an inspection 
of Figure 7 that the current Jp and Ih 
for any angle must terminate on the 
straight line MM in order to make the 
scalar value of the vector sum £,+J,= 
I,=Ip=I. In other words, the line MM 
represents the locus of balance currents 
for a given voltage E;. Division of the 
voltage E, by the balance currents gives 
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Figure 6. Schematic connections of imped- 
ance relay with adjustable characteristics 


impedance values, which plotted on R 
and X co-ordinates gives a circle with its 
center on the X axis and passing through 
zero. The pull of the current on the re- 
straint end of the beam must be equal to 
the pull of the current on the other end 
in order for the current locus to become a 
straight line. If the current pulls do not 
balance the characteristic becomes a 
circle above or below the straight line 
depending upon which way the beam is 
unbalanced so that on current alone one 
unit of Ip is required to balance two units 
of Ip (or nb =2I,z), and the characteristic 
becomes a circle as shown. Under this 
condition one balance point with voltage 
applied will be when 12—Ig=Jo=2Ip or 
In=4 units. The other balance point is 
given by Ip—12=Ih=2Ig or Ip=—12. 
On the R and X diagram this is a circle 
with its center on the X axis and the origin 
is within the circle. If )>=I,/2, that is, 
the current on the restraint end of the 
beam is predominant, then we obtain the 
circle shown which on the R and X dia- 
gram does not contain the origin. 

It is clear from the foregoing that the 
introduction of current into the voltage- 
restraint circuit has performed the circle 
inversion depicted in Figures 3 and 4. 
However, in these figures the current circle 
was inverted by holding a point on its 
periphery fixed. This caused the im- 
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pedance circle, Figure 4, to diminish in 
diameter asit was shifted. Itis, of course, 
desirable that the impedance-circle diame- 
ter remain constant while the center is 
shifted. The arrangement shown in 
Figure 6 accomplishes this purpose. The 
location of the circle on the R and X 
diagram is dependent upon the ratio of 
Ig to Ip while the radius is dependent only 
upon Jo. Figure 8 has been drawn for 
different ratios of Jp to Ip and is similar 
to Figure 3 except that the circles do not 
go through a common point. Figure 9 
shows these coils transferred to the R and 
X diagram. The displacement of the R 
and X circle with constant diameter to 
infinity corresponds to the disappearance ~ 
of the current circle at the origin when Ip 
is made infinitely large compared to Ip. 
The circuit shown schematically in 
Figure 6 provides independent adjust- 
ment of the diameter of the impedance 
circle, its location on an axis, and the 
angle of the axis. The following consider- 
ations will bring out the method of ac- 
complishing these adjustments. Consider 
for the moment that the reactor X, and 
the secondary of the reactor X, are open- 
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Figure 8. Another way of shifting the cur- 
rent-phase-angle circles to keep impedance 
circle radius constant 
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circuited. The current in the potential- 
restraint coils Rg contribtited by the volt- 
age drop R, across the resistor fed by the 
current I,-I, is determined by the im- 
pedance of the reactor primary Z,, the 
potential coil Rp, and the resistance Rj. 
The voltage source E,, is considered to 
be effectively short-circuited. The cur- 
rent flowing in the restraint circuit be- 
cause of the current J,-Iz alone will, 
therefore, lag behind the voltage (I4-Iz)R 
by an angle B. Now consider the current 
in the restraint coils because of the volt- 
age E,z alone. The parallel impedance 
of the current-transformer secondary can 
be considered infinitely large. The cur- 
rent in the relay due to E,, then is deter- 
mined by the impedances Z,, Rp, and Rk; 
and it will lag the voltage E,, by the 
same angle B. Therefore, the current in 
the restraint coils due to the voltage Eyp 
and the current I,-I, will be in phase or 
180 degrees out of phase when I,-/; is in 
phase with E,,: Now consider what is 
_ necessary to place the characteristic circle 

onthe Rand X diagram so that its center 
is on an axis 60 degrees lagging the R 
axis and so that the circle passes through 
the origin. From Figure 7 it is seen that 
an R and X circle passing through the 
origin requires a straight-line current locus 
as shown. Also note that the straight- 
‘line locus always occurs perpendicular to 
the current in the restraint coils contrib- 
uted by the fault current [,-I, when this 
current is directly opposite to the current 
in the restraint coils produced by the 
voltage Ey,. These two currents are 
directly opposite when I4-I, is in phase 
with H4, as was just shown. Therefore, 
if the voltage across the resistor Ry is 
caused to lead I,-Ip by 60 degrees the 
direct opposition of voltage and current 
ampere turns in the restraint coils will 
occur when the fault current J,-I, lags 
Exp by 60 degrees thus placing the R 
and X circle on the 60-degree axis. The 
circle, of course, is made to pass through 
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Figure 9. The impedance circles on R and X 
co-ordinates resulting from Figure 8 
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the origin by making the pull of the cur- 
rent Jy on the operating side of the beam 
just balance that of the current I, on the 
restraint side. This is done merely by 
regulating the number of turns and core- 
screw setting on the impedance element 
and the turns on the transformer primary 
and the tap on the resistance R; For 
complete flexibility it is desirable to be 
able to shift the axis along which the char- 
acteristic is to be moved to a maximum of 
120 degrees. This means that when the 
fault current J.-J lags the fault voltage 
Eup by 120 degrees the current and volt- 
age energizations in the restraint coils 
must be in direct opposition. Since the 
current in the resistor R, was advanced in 
phase a fixed amount of 60 degrees by 
adding the shunt reactor the only way to 


- obtain 120 degrees is to lag the current 


in the restraint coils due to the voltage 
Ez by 60 degrees. This is done by pass- 
ing a current through the secondary wind- 
ing of the reactor X, in phase with Ey, 
because of the resistor R. This adds a 
component of current almost at 90 de- 
grees to the current already in the primary 
and, therefore, the phase angle of the cur- 
rent with respect to EH,4, can be varied 


over a range of 60 degrees by regulating | 


the amount of the resistance R. 

By using a circuit similar to Figure 6 to 
provide the vector sum of the current and 
voltage to the contact end of the beam 
with a restraint proportional to voltage 
it is possible, by the proper selection of 
constants and phase shifts, to produce the 
type of characteristic depicted in Figures 
land 2. This was covered in a paper be- 
fore the Institute several years ago. 

Course adjustment of the center of the 
circle is provided by the primary taps on 
the current transformer while continuous 
adjustment between taps is provided by a 
slider on the resistor R;. The diameter 
of the circle is controlled by the standard 
tap and core-screw (T'S) adjustment on 
the impedance-element current coil. The 
axis of the circle is rotated by adjustment 
of the resistor Ry. All of these adjustments 
are entirely independent and anyone can 
be changed without affecting the others. 

It becomes evident that a relay with 
such a flexible characteristic materially 
aids in the problem of avoiding tripping 
on load currents and synchronizing cur- 
rents without jeopardizing the ability to 
trip faults. With reference to Figure 5, 
the circle Z2 is an example showing 
how the characteristic can be placed 
so that the fault ohms Ly, can be in- 
cluded in the circle and still have the 
much shorter synchronizing-surge vector 
fall outside the tripping zone. 

Figure 10 shows the range over which 
the new relay characteristic can be ad- 
justed. The current-transformer primary 
and resistor setting R; are calibrated in 


ohms (Z,) and when Z,=0, the center | 


of the characteristic circle is at the origin 
or in other words the characteristic is 
pure impedance without directional dis- 
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Figure 10. Range of adjustment of impec 
ance characteristic of new relay 


crimination. The radius of the circle ; 
determined by the tap and core-scre 
setting on the beam-current coil. For an} 
value of the radius the center of the cir 
can be shifted up the axis by the settin: 
Zr Without changing the radius of th 
circle. The circle can be shifted in = 


opposite direction merely by reversin{ 


the polarity of the current or voltage, 
In addition to this the axis on which t. 
circles are shiftedcan be rotated betwee 
60 degrees and 120 degrees lagging i 
steps of 12 degrees by adjusting R¢. 

The adjusting network is housed in a1 
external case there being three networks 
in each case so that each distance eleme 
of the standard three-zone impedance r 
lay can be adjusted. Furthermore, th 
relay (type HZM) and the external ad- 
justing case are arranged so that the 
characteristic of either one, two, or three 
distance elements of the relay can be 
supplied with the modified characteristic: 


Conclusions _ eons, 


1. The utilization of the vector sum of the 
current and voltage on the operating or'r 

straint side of a beam-type distance relay 
makes it possible to impart any type of 
circular characteristic whatsoever to th 


distance element. Ree: i 
2. The ability to introduce an adjustable 
amount of phase-angle discrimination into 
an impedance characteristic means that, 
once the transmission-line ohm conditions 
are known, the relay characteristic can be 
readily molded to fit the conditions best. 
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GarbonPile Melcnes Roni laters for 
Aircraft 


W. G. NEILD 


~ NONMEMBER AIEE 


ITH the increase in size of modern 

military aircraft and the complexi- 
ties of its equipment, it has been necessary 
to enlarge greatly its electric system. Up 
to the time of the beginning of the 
second World War in Europe, the Tirrell 
and step-type regulators were used uni- 
versally to regulate the voltage of air- 
craft generators, alternators, and .motor 
generator sets. With the coming of light- 
weight 30-volt 100- and 200-ampere gen- 
erators, the field current required began to 
exceed the limitations of the Tirrell regu- 
lator. It became apparent that a high- 
field-current voltage regulator would have 
to be developed since the appreciable 
weight saving gained by designing genera- 
tors with high field currents is so vital to 
modern aircraft. 

This requirement was met by adapting 
the well-known art of carbon-pile regula- 
tion, long-used in railroad lighting equip- 
tment, to aircraft. It is the purpose of 


this paper not to dwell too deeply on the 


actual design features of the regulator 
itself, but to acquaint the reader with a 


-general knowledge of its principle of. 


operation, and to discuss its advantages 
and disadvantages and its numerous ap- 
plications. 


General Construction 

Figure 1* shows a sectional view of a 
conventional present-day carbon-pile 
regulator, and Figure 2 shows the same 
regulator not sectionalized. Close exami- 
nation of Figure 1 discloses that the regu- 
lator consists primarily of 


(a). An ironclad magnetic circuit enclosing 
‘a controlling solenoid and an adjustable 
core. 


(6). An armature assembly which is 
mounted on radial leaf springs with a center 
contact plug insulated from the armature 
assembly which is the electric connection 
to the movable end of the carbon pile. 


{c). The carbon pile consisting of pre- 
¢ision-made carbon disks surrounded by 
and held in place by an insulating tube 
which in turn is enclosed by a finned housing 
for dissipating the heat from the carbon pile. 


(d). An adjustable screw insulated from 


the rest of the regulator and containing a 
carbon button. This screw and button 


* The regulator, as shown in Figures 1, 2, and 4, 
is of the type disclosed in Newton United States 
patent 2,268,718 under which the United States 
Government holds a nonexclusive license for the 
duration of the war. 
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acts as the contact for the stationary end 
of the carbon pile. 


Other details of Figure 1 show the regu- 
lator proper mounted on a quickly de- 
tachable mounting base on which is 
mounted a fixed resistor and a variable 


_ rheostat for raising or sowepEs the 


regulated voltage. 
Principle of Operation 
When the solenoid is unenergized, the 


armature is pushed against the carbon 
stack by the springs, thus compressing 


the carbon pile so that its resistance is at 


its very minimum. Energizing the sole- 
noid causes the armature to be magneti- 
ally attracted to the ironclad magnet 
case. Magnetic force acts in the oppo- 
site direction to the spring force. The 
compression force exerted on the carbon 
pile is the difference between the spring 
force and the magnetic force. It is this 
varying magnetic foree, created by the 
solenoid, that tends to overcome the 
spring force and thus vary the pressure 
on the carbon pile, and hence its resist- 
ance. Any change in the resistance of 
the carbon pile directly effects the output 


of the machine whose voltage is being 


regulated, which in turn tends to raise 
or lower the voltage across the solenoid. 
Since the regulator is extremely sensitive 
to any change of NI in the solenoid, a 
balance of magnetic and physical forces 
takes place in the regulator, and regula- 
tion becomes automatic. 

_ Temperature compensation is obtained 
by the proper selection of the resistance 
ratio in the coil circuit and by matching 
a bimetallic spring support to the ex- 
pansion characteristic of the regulator. 
Total resistance of the coil circuit con- 
sists of copper resistance and an external 
near-zero-temperature-coefficient _resist- 
ance connected in series. The bimetal 
has a slight angle on which the armature 
springs rest. With an increase in tem- 
perature, the bimetallic washer tends to 
flatten out or the angle decreases. In 
this way the pressure exerted by the 
springs lessens. This in turn compensates 


Paper 44-184, recommended by the AIEE com- 
mittee on air transportation for presentation at 
the AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 1944. 
Manuscript submitted April 10, 1944; made avail- 
able for printing July 6, 1944. 


~ 'W. G. NBILD is with the Eclipse-Pioneer division of 


Bendix Aviation Corporation, Teterboro, N. J. 
All republication privileges are reserved by the 
author’s company. 
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for the decrease in the magnetic pull re- 
sulting from the heating of the copper 
solenoid coil and other parts affected by 
temperature. Present-day regulators are 
temperature-compensated to give satis- 
factory voltage regulation at ambient 
temperatures ranging from —50 to rhe 
degrees centigrade. 


ADJUSTMENT OF THE REGULATOR 


Three separate adjustments are pro- 
vided in the regulator: 


1. Coil-circuit resistance or coil-current. 
2. Core or air-gap. 


3. Carbon-pile | compression-screw or 
spring-tension adjustment. 


ADJUSTMENT OF COIL- STREP 
RESISTANCE 


Coil-circuit resistance is set by means 
of the adjustable resistor or rheostat to 
a value predetermined by the manufac- 
turer. In cases where adjustable rheo- 
stats are used, the resistances are so 
chosen that the contact slider arm will be 
set in the middle of the rheostat resistance 
range. This will permit a raising or 
lowering of the regulated voltage after 
the regulators have been adjusted prop- 
erly and put into service. Once the 
coil-circuit resistance has been set, it 
should not be changed throughout the 


remainder of the adjustment procedure 


since the proper NJ in the solenoid in this 
way has been fixed for a given regulated 
voltage. Also, a proper resistance ratio 
is established to give good temperature 
compensation. ‘ 


PREADJUSTMENT OF THE CORE 


When the regulator is first assembled 
at the factory, the core is screwed in 
until its face is just flush with the face 
of the magnet case next to the armature 
assembly. At this point the core is 
center-punch-marked at the adjustment 
end, and a corresponding center-punch 
mark is put on the end plate. In this 
way, it is possible to line up the two cen- 


Sectional view of modern carbon- 
pile regulator 


Figure 1. 


This unit regulates d-c generator output for 
both single- and parallel-generator systems 
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Figure 2. Same unit as shown in Figure 1, 
except not sectionalized 


This carbon-pile voltage regulator is for use 
in conjunction with single-voltage generators 
rated from 1.5 to 12 kw 


st 


ter-punch marks after the entire regula- 
tor has been assembled and thus set the 
core flush with the magnet case. Correct 
set position of the core should be such 
that the core air gap is slightly greater 
than when set in the flush position. 


ADJUSTMENT OF PILE COMPRESSION 
ScREWS 


With the regulator adjusted as already 
indicated, the carbon pile should be con- 
nected in series with the control circuit 
of the unit whose voltage is to be regu- 
lated and the coil circuit connected 
across the output. Run the unit so that 
it would normally produce its rated output 
if the regulator were properly set. For 
the purpose of illustration, assume that 
the carbon-pile compression screw is just 
turned in to the point at which the con- 
tact plug makes contact with the carbon 
pile. As the pile compression screw is 
turned in, the entire armature assembly 
will be moved toward magnet case, in- 
creasing the spring tension and decreasing 
the air gap between the armature and 
core. Increasing the spring tension will 
cause the carbon pile to be correspond- 
ingly compressed, and its resistance will 
decrease. Continued inward motion of 
the pile compression screw will cause the 
regulated voltage to rise to a maximum 
point B, (Figure 3), decrease to a mini- 
mum point D, and then increase very 
- rapidly from D to Z. From A to B and 

from E to F (Figure 3) the unit fails to 
function as a regulator, but acts as a 
manual carbon-pile rheostat. In the 
region of the curve from B to E the unit 
acts as an atittomatic carbon-pile rheostat 
or regulator. 
and C on the curve, the regulator will 
_pass through an instability or hunting 
stage, becoming less and less violent and 
finally disappearing as point C is ap- 
proached. It is obvious that no insta- 
bility in the regulator can be tolerated 
at any time, as this causes the carbon 
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However, between B - 


pile actually to open the circuit, and a 
destructive arc results which burns the 


carbon disks, greatly shortening their. 


life and, hence, the useful life of the 
regulator. Instability in the carbon pile 
can be detected readily by connecting a 
sensitive undampened voltmeter, an os- 
cillograph or a set of earphones with at 
least 1,500 ohms impedance, across the 
carbon pile, the oscillograph and ear- 
phones being the most sensitive. F luc- 
tuation of the carbon-pile voltage will 
cause the voltmeter needle to fluctuate 
and will cause the earphones to become 
very noisy. In the case of the earphones, 
violent instability will cause an unbear- 
able noise as compared to a quiet hum 
when stable operation of the regulator is 


obtained. Best regulating position of 


the pile screw occurs between C and E. 
In general, a setting of the pile compres- 
sion screw to the left of the minimum 
point D will give a flat or rising voltage 


characteristic with load as the point set 


nears the instability region. Likewise, a 


REGULATED OUTPUT VOLTAGE 


jy 


Cary 
Hee 
wit 


i 
on 
wit 
te) ROTATION OF PILE SCREW 
INWARD OUTWARD 


Figure 3. Effect of pile-screw. rotation on 
regulated output voltage 


If regulator becomes unstable, voltmeter needle 
will fluctuate rapidly, and that portion of 
voltage characteristic will be as shown by 
dotted lines in diagram. Best regulating 
position of pile screw is shown at C 


Figure 4. Four different-wattage-size regu: 


lators 


Left to right, 20, 35, 50, and 75 Watts con- 
tinuous dissipation in the carbon pile. Ratings 
of all can be safely raised by forced ventilation 
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curve to point C or D without any in 


setting to the right of the minimum p 

D will give a drooping voltage charac 
istic with load and will be a more sta 
setting of the regulator. When the 
proximate correct setting is obtaine 
by the pile compression screw, the re 
lator voltage probably will be too 

If this is the case, the regulated vo 
can be raised by turning the core pl 
out very slowly, thus increasing th 
gap. Regulated voltage is lowered 
turning the core plug in, but under 
circumstances should the face of the 
plug be turned in beyond the flush posi 
tion. After the core plug is adjuste 
the compression-screw adjustment sh 

be rechecked. This procedure shoul 
repeated as many times as necessary 

no further adjustment of either the 
plug or carbon-pile compression screw 
required. All locking screws shoul 
tight. Final setting must be such 

the regulator is stable under all po 
operating conditions of speed, load 
input voltage, or the useful life of the 
carbon pile will be short. Much can be 
written on the regulator adjustment 
specific cases, but the aforementio: 
procedure, in general, applies to all 
bon-pile regulators. In actual cases w 
units are set at the factory, the vic 
instability region of the curve is smoo 
out by lowering the input voltage or 
reducing the speed, in the case of genera 


tors, to values far below that at w: 


they normally operate. In this way it 
possible to adjust the carbon-pile com: 
pression screw and follow through the 


stability whatever. After the pile com 


Practical Application 


At the present time, there are four 
different-sized regulators in productior 
based upon the maximum continuou: 


. 
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wattage dissipation in the carbon pile; 
namely, 20, 35, 50, and 75 watts (see 
Figure 4). 

All of the preceding can have their 
ratings increased greatly by forced ven- 
tilation. Although all four sizes use the 
same-diameter carbon disks, the lengths 
of the carbon piles are different. The 
smallest or 20-watt regulator weighs 
9'/, ounces and uses a one-half-inch 
stack of carbon disks; the 35-watt size 
weighs two pounds, three ounces, and 
uses 11/.-inch carbon pile; the 50-watt 
size weighs 21/. pounds (with base 
shown) and has 1!/2-inch carbon pile; 
and the 75-watt size weighs two pounds, 
three ounces, and has a two-inch carbon 
pile. Carbon piles are available in vari- 
ous different carbon-disk thicknesses and 
grades. By varying the length, grade, 
and disk thickness, many different re- 
sistance ranges can be obtained. Any 
of the aforementioned regulators can be 
made to regulate different given voltages 
by the selection of the proper solenoid coil. 

Carbon-pile regulators have been used 
in many different applications. For the 
most part, these applications can be 
divided into three different classifications, 
namely: 


(a). Those regulating the output of engine- 
driven d-c generators. _ 
(0). Those regulating the output of high- 


and low-frequency engine-driven alternators 
and motor-alternator sets. 


(c). Line voltage regulators. 


When used to regulate the output of 
engine-driven d-c generators, the gener- 
ator is usually a shunt type for use on 12- 
or 24-volt systems, although there are 
cases where 115 volts d-c systems are 
employed as well. In all of the preceding 
systems, the carbon pile is connected in 
series with the shunt field of the genera- 
tor, and the solenoid coil circuit is con- 
nected across the output of the generator. 


PARALLEL OPERATION 


Where generators are operated in paral- 
lel as in multiengine airplanes, each 


Figure 5. Internal wiring diagram 


75-watt carbon-pile regulator with detachable 
base shown in Figures 1 and 2 
4 —Carbon pile 
2 —Regulator assembly 
3 —Resistor—tubular 
4 —Resistor—1,500 ohms 
5 —Rheostat 
6 —Coil—shunt 
7 —Coil—equalizer 
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CARBON-PILE REGULATOR 1 


GENFAATOR 


generator is made to deliver its share of 
the load by the use of a load-compensat- 
ing coil wound as a separate winding on 
top of the main regulating coil in the 
regulator. 
is used in conjunction with a calibrated 
drop connected between generator nega- 
tive and ground. In some cases the drop 
through the series winding is utilized. 
With the aid of an equalizer bus, if one 
generator carries more than its share of 
the load, the voltage drop will be greater 
in its circuit than the others. 

A current will flow through its equalizer 
coil which will lower its voltage and 
hence its load and, at the same time, boost 
the voltage and the load in the other gen- 
erators. In that way it equalizes the 
loads. Very little change in voltage is 
necessary to make the generators parallel 
properly, and practically no change in the 
bus voltage will be noted. 


OTHER APPLICATIONS 


Other applications of carbon-pile regu- 


lators in conjunction with generators 
consist of current limiters and wattage 
limiters. Current limiters limit the out- 
put current of the generator to a pre- 
determined value, usually full load plus 
ten per cent. Its carbon pile is con- 


nected in series with voltage-regulator | 


carbon pile, and its coil consists of a few 
turns of heavy conductor connected in 
series with the line. When the current 
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Figure 8. Line-voltage-regulator application 
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EQUALIZER BUS . 


; '. POSITIVE BUS / 


CRNERATOR 


This compensating winding . 


limiting the output current. 


a94a~L 


CARBON-PILE 
REGULATOR 2 


Figure 6. Typical schematic wiring diagram 
showing installation of M-2, O-4, and P-2 
generators with carbon-pile voltage regulator 


For parallel generating systems, any number 
of generators may be connected in the manner 
depicted in these diagrams, whereas for 
single systems generator 2 and its associated 
equipment and connections are omitted from 
the systems shown. Also to be omitted are 
the equalizer bus and connections to the D 
and K carbon-pile regulator terminals, with 
use of a single-pole single-throw line switch 
Caution: Ground (E, receptacle) connection 
of each_ generator in parallel system shown 
must provide 0.5 volt drop at full-rated 
generator current 


Disconnect Generator 
Plug Designation a ~ Circuit : 
Ao wns oie «cole onsite oe PF 
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Minimum Brown and Sharpe Cable Size 


Generator 

Type . M-2 0-4 PQ 
Gircult! Vics a sista NG ectinwt: go heh aot 14 
ClrewitiQieeashecs Bu one na Mees oa 0 
Gireult.3). saat, sees TS) anecdotes 18k atvachiastatt 18 
CHa AL caves steels WO ats eoscs skies ROG spelccie eal 16 


reaches the predetermined value, the 
carbon pile begins to increase its resist- 
ance, decreasing terminal voltage and 
For the 
most part current limiters are not used, — 
because modern aircraft generators are 
designed to carry heavy overloads without 
damage for the short duration of landings 
or take-offs. 

Wattage limiters are much the same as 
current limiters and work the same way, 
except that they have an extra potential 
winding on the same coil as the current 
winding and are used where generators 
are driven by auxiliary gasoline engines. 
The purpose of this type of, regulator is 
to limit output of generator to safe value 
so that excessive overloads will not stall 
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the engine but will allow the engine to_ 


operate up to its safe maximum output. 
The same results can be obtained by de- 
signing the generator so that its maxi- 
mum output is slightly lower than that 
of the engine. 

Motor-alternator sets are widely em- 
ployed as power suppliers for some 
special application, usually radio. Here 
the exciter field is separately excited by 
the input voltage to the motor and is 
connected in series with the carbon pile. 
Output alternating voltage is regulated 
by connecting the regulator coil across 
the output of a full-wave rectifier. Some 
methods employ a step-down trans- 
former, whereas others merely consist of 
resistance connected in series with the rec- 
tifier. Weight saving in the latter case 
is a large factor. Carbon-piler regulators 
have been used as frequency regulators 
in motor—alternator applications where 
frequency must be closely regulated. 
Constant frequency is obtained by regu- 
lating the speed of motor. © 

Line-voltage regulators are used in 
applications where the line voltage varies 
with loads, and so forth, as in the case 
of the electric system of an airplane, and 
it is desirable to maintain some value 
of voltage (below the minimum input 
_ variation) at a constant value. Such a 

load, requiring a constant input voltage, 
might be a filament load of radio tubes 
or other instruments whose accuracy de- 
pends upon its input voltage held con- 
stant. In these systems, the carbon pile 
is connected in series with the load, and 
the regulating coil circuit is connected 
_across the load. 

From what has been said, it is obvious 
that before selecting a regulator for a 


particular application, it is necessary to. 


know 
(a). The regulated voltage plus or minus 
allowable limits. 


(6). Maximum continuous carbon-pile wat- 
tage dissipation. 


(c). Maximum and minimum resistance. 


Figure 9. Position of armature assembly and 
connector lead in magnet case 


View shows armature assembly assembled in 

magnet case. Center portion is carbon 

button which connects to the moving end 
of the carbon pile 
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The last two can be determined readily 
by employing a manual rheostat in place 
of the carbon pile in the control circuit 
making a complete test on the unit and 
calculating the requirements of the rheo- 
stat. Final carbon pile will have to have 
the same requirements as the rheostat 
It should be kept in mind that a high 
maximum pile resistance necessarily 
means a high minimum pile resistance, 
the practical limit of the maximum-to- 
minimum resistance ratio in most cases 
being about 30 to 1. In every instance, 
the test of the final selection of a regulator 


should be the successful operation on the. 


equipment with which it is to be used. 
Many other considerations must be 
taken into account, such as matching 
time constants of a particular regulator 
with the time constant of the unit with 
which it is to be regulated. The fact 
that a regulator will operate satisfactorily 
with one unit does not necessarily mean 
that it will operate properly with a unit 
of a different design but having the same 
regulating resistance requirements. Re- 
actance voltage, commutation, and time 
constants all enter into the picture and 
must be considered, Their effect can 


A. Slide a thin rod into the hold in the 
carbon pile and then.... 


B. Invert the regulator to allow the disks 
of the carbon pile to fall out on the rod 


Figure 10, Removal of carbon disks from 
carbon-pile regulator 
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_1. The regulator has three adjustment 


A. With regulator horizontal, insert enc 
of rod carrying disks of carbon pile into the 
ceramictube then.... 


B. Turn regulator up to a vertical positio 
and allow the disks of the carbon pile to fa 
into the tube. Do not touch the disks 
the fingers 


Figure 11. Assembly of carbon-pile disk 
into ceramic tube of regulator 


be determined only by actual tests 

Although the regulator is rugged in it 
construction and can stand much abus 
it must be remembered that it is primaril 
an instrument. The armature assembh; 
has mass and is not counterbalancec 
(as all attempts to do so have resulted in 
a sluggish regulator) and is, therefor 
sensitive to shocks and violent vibratiot 
Proper consideration given to its moun 
ing and location with respect to violer 
shocks and vibration will pay large divi: 
dends in its useful life, and trouble-free 
operation. Shock mounting in areas away 
oe center of vibration should be th 
rule. : 


* 


Advantages and Disadvantages 


_ Certain disadvantages or shortcomings 
are experienced with the present carbon- 
pile regulator, as follows: ) 


this number will be reduced in future de 
signs for simplification purposes. 
2. Repairs and adjustments should be 
made by trained personnel at bases where 


reliable test equipment and accurate in- 
struments are on hand. , } 
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Synopsis: Many of the advantages of 115- 
volt d-c aircraft electric power are presented 
with frequent comparisons to 24-volt direct 
current and 208/120-volt 400-cycle three- 
phase alternating current. System reli- 
ability is emphasized. Weight comparisons 
favorable to 115-volt direct current are 
shown for power generation, distribution, 
and load components. Problems concerning 
the use of the two high-voltage systems are 
discussed and compared. The popular be- 
lief that 115-volt d-c switching and com- 
mutation is unsatisfactory at high altitudes 
is refuted. It is concluded that 115-volt 


direct current is the lightest and most prac- . 


tical of the proposed electric systems for 
both medium and large airplanes. 


URRENT discussion of large air- 

| craft electric systems has been car- 
ried on mainly in terms of commercial 
power distribution experience. There 
has been a tendency in such discussions 
to make blanket statements concerning 
the superiority of a-c systems without due 
consideration of direct current or aircraft- 
design requirements. Extrapolation of 
commercial practice and experience out 
of the field of its origin into aircraft 
design remains to be proved. The air- 
plane presents a very special electrical 
design problem. Only when a-c systems 
are applied to actual aircraft designs, and 
after a careful competitive check made 
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of both a-c and d-c results, are valid con- 
clusions possible. A few facts learned 
from one such study on an actual airplane 
will be presented in this paper. 


Weight and Safety 


Reliability and weight are the principal 
determinants of aircraft electrical design. 
These factors are far more important in 
aircraft than in other fields of electrical 
engineering. One of the large air-trans- 
port companies has estimated the value 
of weight saved over a five-year operating 
period at $600 per pound per airplane. 
In today’s larger airplanes electricity has 
acquired many new responsibilities, such 
as engine controls, flight-surface controls, 
landing flaps, and landing gear, many of 
which are essential to flight. Thus, the 
design of the electric system may be liter- 
ally a life or death matter. 

The reliability of an aircraft electric 


' system is a function of weight and engi- 


neering experience. Currently proposed 
higher-voltage a-c und d-c systems for 
largeaircraft may bemadeequally reliable. 
However, the weight and accumulated 
experience necessary to achieve this re- 
sult will be greater for the a-c than for the 
d-c system. Some of the proposed a-c 
systems have secured a favorable weight 
by sacrificing present standards of reli- 
ability. Any higher-voltage system which 
does not provide at least the same degree 
of safety as present low-voltage d-c sys- 
tems employing main-engine-driven par- 
allel-operated generators is not compar- 
able and is not really suitable for air- 
craft application. The 115-volt d-c sys- 
tem herein discussed is intended to ex- 
ceed considerably existing standards of 


8. A minimum resistance is ever present 
and varies with the maximum resistance 
with the obvious disadvantage that it 
never can reach zero. j 


Advantages of the carbon-pile regu- 
lator are as follows: 


1. The carbon-pile regulator is capable of 
regulating high currents. — 


2. The carbon-pile regulator does not 
contain any movable contacts to get out 
of order. These were always a source of 
trouble due to short life, causing radio 
interference, susceptibility to high altitudes, 
and a constant maintenance problem. 
When properly adjusted, the carbon pile 
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gives a smooth change in resistance. 


8. There are practically no moving parts 
to wear out or get out of order. The only 
parts requiring replacement are the carbon 
pile and contact plugs. With the proper 
replacement of these parts and readjust- 
ment, the regulator is as good as new. 


Few people can realize what an im- 
portant part in our war effort this amaz- 
ing instrument performs. Its true value 
probably will not be fully known until 
after the war, when many of its present- 
day applications will be converted to 
peacetime use to make commercial avia- 
tion safer. - 
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reliability in order to assume the new elec- 
trical responsibilities. Basic requisites 
of any: aircraft electric system includes 
such factors as: [ 


1. Maximum system stability under high 
fault loads. 


2. Optimum fault burn-clear character- 
istics. 

3. Uninterrupted full-load capacity during 
momentary fault conditions. 


4. Continuous uninterrupted full-load ca- 
pacity in the event of failure of one main 
power source. 


System Types 


Three principal electric systems are at 
present receiving extensive design con- 
sideration: 


1. The established standard 24-volt d-c 
system. 


2. The 115-volt d-c system, which is the 
subject of this discussion. 

3. The 208/120-volt 400-cycle three-phase 
a-c system which recently has received con- 
siderable attention. 


If as much study, research, and develop- 
ment had been directed toward higher- 
voltage d-c aircraft power as has been 
applied in the past two years to a-c air- 
craft power, it is believed that the future 
standard would be the higher-voltage 
direct current. 

On any given airplane a small amount 
of 400-cycle alternating current or 24-volt 
direct current may be required, but this _ 
does not constitute a significant factor 
in the design of the main power genera- 
tion and distribution system. 


Functional Breakdown of the 
Electric System 


For the purposes of this discussion the 
aircraft electric system is functionally 
separated into three general divisions: 
°(1) distribution, (2) generation, and (3) 
the load component parts. 

The weight of the load component 
parts of an aircraft electric system is the 
least effected by the voltage or type of 
system employed. Thus for a given air- 
plane the total weight of the motors, 
lights, switches, and miscellaneous equip- 
ment may be substantially unchanged for 
24-volt direct current, 115-volt direct 
current, or 208/120-volt 400-cycle a-c de- 
signs. While small differences in the 
weight efficiencies of certain items on the 
different systems will be apparent, the 
over-all total weight differences are not 
likely to be decisive. 

The weight of the generative portions 
of the aircraft electric system will be 
lighter for 115-volt than for 24-volt direct 
current, but both will be substantially 
lighter than comparable 400-cycle a-c 
designs. 

The most important weight differences 
appear in the distribution system. Large 
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CIRCUIT LENGTH (FEET) 


Fist 13 Aircraft cable weight for transmit- 
ting one-fourth horsepower 


savings in weight with respect to low- 
voltage direct current are effected by 
both of the high-voltage systems; how- 
ever, the 115-volt d-c distribution system 
is by far the lightest. 


Degree of Electrification 


Weight analyses for the three electric 
systems is difficult because of the large 
variation possible in the degree of electri- 
fication in airplanes of the same general 
type and size. The weight differences 
between the three systems vary greatly 
depending on whether or not heavy load 
_ items, such as landing gear, landing flaps, 
flight-control boosters, engine and ven- 
tilation controls are electrically operated. 
Electric-system designs for the same air- 


100 
CIRCUIT LENGTH (FEET) 


150 


Figure 2. Avircraft cable weight for transmitting 
one horsepower 
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plane may have a three-to-one variation 
in weight due to the degree of electrifica- 
tion. 

In present 24-volt airplanes the large 
variation in degree of electrification is be- 
cause, in many designs, there is no de- 
cisive weight advantage for either elec- 
tricity or hydraulics. However, with 
higher voltage the weight advantage of 
electric operation may be large because 
of the saving in wiring weight, particu- 
larly on the large airplanes. On such air- 
planes the wire weight to an item at 24 
volts frequently exceeds the weight of 
the item itself. 


Power Distribution 


WEIGHT SAVINGS OF 88 PER CENT 


The weight for transmitting one horse- 
power 100 feet over a_ single-wire- 
grounded aircraft system with a five per 
cent allowable voltage drop, or 50 feet 
over a two-wire circuit, amounts to ten 
pounds with 24-volt direct current but 
amounts to less than one pound with 115- 
volt direct current. Figures 1, 2, and 3 
show the relation between weight, dis- 


tance, and horsepower for the various ~ 


systems. On large airplanes much of the 
heaviest wiring, that from main engine- 
driven generators located in the wings, 
propeller feathering pumps, empennage 
turret guns, rudder and elevator boosters, 
landing flaps, and landing gear can be re- 
duced to 12 per cent or less of its present 
weight by changing from 24 to 115 volts. 


ConbDUCTOR WEIGHT ; 


Voltage is the principal factor deter- 
mining the weight of the distribution sys- 
tem. Metallic conductor weight in a d-c 
system varies with respect to voltage: 


1. Inversely as the square of the voltage 
for those conductors determined by voltage 
drop. 

2. Inversely as the voltage for conductors 
determined by current carrying capacity. 


Reduction in cable weight can be car- 
ried only as far as the minimum conduc- 
tor gauge (at present number 22). Thus, 
a change from 24 to 115 volts can result 
in a weight reduction inversely propor- 
tional to the square of the voltage for 
wires originally number 10 gauge or 
larger. Smaller wires, determined by 
voltage drop, will be reduced to the 
minimum size beforea 16 to 1 weight reduc- 
tion can occur. Similarly, a reduction to 
one fourth of the 24-volt-system weight, 
for conductors determined by current 
carrying capacity, will be limited to num- 
ber 16 gauge and larger. 


CABLE INSULATION WeIGHT 


The insulation of some aircraft cables 
appears to be adequate for any of the 
higher-voltage systems now under con- 
sideration. In terms of voltage change 
the conductor insulation weight varies: 
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- with wire size from ten per cent of the to 


cables already containing 


‘ seven per cent of the conductor weight oi 


1. Inversely as the voltage for wires deter- 
mined by voltage drop. j 
2: Inversely as the square root of the volt- 
age for wires determined by current ca 
ing capacity. Cable insulation weight var 


cable weight for number 00 to 50 per cent 
for number 22. 


Conpu1T WEIGHT 


Voltage, as it affects cable size, is also a 
major factor in determining the weigh t 
of many other accessories, such as, cable 
terminals, splices, connectors, junction 
boxes, and conduit. In terms of voltage, 
conduit weight will: 4 


Al ‘Vary inversely as the voltage for cables , 

the sizes of which are determined by voltage 

drop. 

2. Vary inversely as the square root of 

voltage change for cables determined 

current carrying capacity. 

3. Not vary for instrument and other 
minimum-size 

conductors. a 


EXAMPLES OF 24-VOLT WEIGHT 
INEFFICIENCY 


_A weight analysis of the 24-volt elec- 
tric system of a 50,000-pound gross- 
weight four-engine transport indicated 
that: 


‘1. Seventy-five per cent of the total con- 


ductor weight was determined by the five 
per cent voltage-drop limitation. 

2. Five per cent of the total conductor 
weight was determined by current capacity 
limitations. x ’ 
3. Twenty per cent of the total conductor 
weight was not affected by voltage change. 
4, Seventy per cent of the total cable 
weight was estimated to be metallic con- 
ductor, and 30 per cent to be insulation. 


Thus the weight efficiency of the 24-volt 
d-c system is poor even on present air 
planes. In the example just cited only 


cables larger than minimum size was 
operating at maximum current carrying 
capacity. Even two-engine airplanes in 


the 20,000-pound gross-weight class will 


have less than 50 per cent of the conduc- 


tor weight of cables above minimum size 


operating at maximum capacity. For 
good weight efficiency it is desirable that 
aircraft electric-system voltage be high 
enough, so that substantially all of the 
wiring is either operating at maximum 
current carrying capacity or is reduced 
to the minimum allowable size. 

In designing 24-volt electric systems for 
some of the really large airplanes now 
under construction with gross weights of 
several hundred thousand pounds, it is 
found that less than one per cent of the 
conductor weight of cables above mini- 
mum size would be operating at maximum 
current carrying capacity. It is believed 
that the magnitude of the weight penalty 
paid for use of present 24-volt aircraft 
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electric systems is not generally appre- , 


ciated. On the four-engine transport air- 


plane previously mentioned it was esti- 


mated that more than 100 pounds of wir- 
ing alone could have been saved by de- 
signing for 115-volt direct current. 

The wiring-system weight of one large 
eight-engine airplane was calculated for 
two different designs. With a maximum 
degree of electrification the electric cable 
and bus weight totaled 2,190 pounds for 
24-volt and 906 pounds for 115-volt di- 
‘rect current, a saving of 1,284 pounds. 
With a minimum degree of electrification 
the electric conductors had a total weight 
of 1,100 pounds for 24 volts and 600 
pounds for 115 volts, a saving of 500 
pounds. 


COMPARISON OF A-C AND D-C CasLe 
WEIGHT os 


Actual design figures indicate that 
three-phase a-c power-distribution sys- 
tems will weigh considerably more than 
comparable d-c systems for the following 
reasons: 


1. Currently proposed a-c systems require 
three conductors for each three-phase cir- 
cuit. Only a single conductor is needed in 
commonly used grounded return d-c sys- 
tems. Application of three-phase a-c 
power to circuits already reduced to mini- 
mum size in 115-volt d-c designs will result 
in a three-fold increase in weight for the 
wiring of these circuits. 
present electric system voltage approxi- 
mately four times, from 24 volts to 115 volts, 
will reduce to minimum size more than 50 
per cent of the total cable weight of even 
our largest airplanes of several hundred 
thousand pounds gross weight. While a 
considerable portion of this minimum-size 
wiring will be for single-phase lighting and 
instrument loads, an increase in total cable 
weight of 40 per cent or more can be ex- 
pected from this cause when three-phase 
four-wire grounded-neutral a-c systems are 
compared with equivalent grounded-return 
d-c systems. 

2. Power factors from 40 to 70 per cent 
are expected for 400-cycle motors and other 
inductive items. It is estimated that addi- 
tional weight for power-factor correction or 
increased cable size will raise the total cable 
weight from 5tol0 percent. _ 

38. Connectors, terminals, conduit, and 
other devices incidental to the power-dis- 
tribution system, of course, will be lighter 
for a single-wire grounded-return d-c sys- 
tem than for a three-wire three-phase 
grounded-neutral a-c system. Roughly, the 
total estimated weight of these sundries for 
one specific design was 20 per cent more for 
alternating current than for 115-volt direct 
current. >: 


‘ On airplanes over a hundred thousand 
pounds gross weight, the weight of three- 
phase grounded-neutral a-c power dis- 
tribution probably will exceed by 50 per 
cent the total weight of a single-wire 
grounded-return d-c system, voltages be- 
ing the same. At present even the 208+ 
120-volt three-phase wiring weight is con- 
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Increasing the 


siderably heavier than that for the 115- 
d-c equivalent. cry, 
‘In the future, when airplane designs re- 
quire several hundred kilowatts of electric 
power, it may prove desirable to use 230- 
volt d-c or perhaps 230/115-volt d-c 
systems. 
115 volts have only a small weight ad- 
vantage at the present time, they do in- 
troduce insulation and switching prob- 

lems. 

This study indicates that 115-volt 
direct current offers weight savings even 
for small airplanes of 25,000 pounds or less 
gross weight. This is not true of three- 
phase alternating current, since the rela- 
tive weight disadvantage of three-phase 
a-c power distribution’ increases rapidly 
with decrease of airplane size. 


COMPARISON oF A-C anp D-C 
DISTRIBUTION-SYSTEM RELIABILITY 


Safety of any system or device is 
largely a function of its simplicity. The 
single-wire d-c aircraft distribution system 
certainly achieves the optimum of sim- 
plicity. Statistically, it can be shown that 
protective devices, fuses, circuit breakers, 
and relay systems can be carried beyond 
the point of optimum reliability. Every 
protective device added to a circuit or 
system carries with it the failure liabilities 
inherent in that device. 

_ On main distribution lines and feeders 
it is desirable to provide multiple fault 
protection within the lines. This prac- 
tice has for more than a decade been used 
in industrial, and municipal power- 
distribution systems. Figure 4 illustrates 
a simplified three-wire multiple fault-pro- 
tected feeder system of familiar design. 
It will be noted that a fault at point X 
would be fed by parallel fuses A, B, C, and 
D in series with the faulted line’s single 
fuses Hand F. It is obvious that fuses £ 
and F, each fed by two units in parallel, 
would blow, clearing the line of this fault. 
This type of circuit protection is of doubt- 
ful value in low-voltage systems, since 
contact-resistance and slight-resistance 
inequalities of the feeder branches will 
cause unequal current distribution in the 
feeder lines sufficient to upset the effec- 
tive fault discrimination of the circuit. 
At higher voltages these same factors 
have a negligible effect on the protective 


action and fault discrimination of the cir- — 


cuit. Not only does this provide in- 
creased safety and reliability for all main 
feeders, busses, and essential circuits, but 
also, with a single-wire 115-volt d-c de- 
sign little of the essential protection of 
this system is lost by the added com- 
plexity. The case is very different when 
the same type of three-wire multiple 
fault protection is attempted in a three- 
phase four-wire a-c distribution system. 
In such circuits the number of protective 
devices would be multiplied by three over 
those required for direct current. It is 
doubtful whether a three times increase in 
complication and circuit-protector in- 
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While potentials higher than — 


herent liability would result in an over- 
all safety gain. Many essential circuits 
having minimum-sized wire can be pro- 
tected justifiably in a single-wire d-c 
system. : 

Both safety and cost of airplane opera- 
tion are affected favorably by the sim- 
plicity of the single-wire d-c distribution 
system. Present service and design and 
manufacturing personnel would have to 
be trained especially for the safe operation 
of a-c aircraft systems. The application 
of 115-volt d-c aircraft power would in- 
volve no essentially new techniques nor _ 
operational hazards. 


Circuit-Interrupting Equipment 
DESIGN FUNDAMENTALS 


Interrupting equipment for 115-volt 
direct current can be lighter than exist- 
ing 24-volt direct current or 208-volt 
three-phase alternating current. 

The design parameters of 24-volt 
direct current, 115-volt direct current, 
and 208-volt alternating current for air- 
craft switches differ radically. The 
widespread belief that switching of 115- 
volt direct current is difficult results from 
unsatisfactory performance of certain 
available 24-volt equipment when tested 
at 115 volts. Assertions that adequate 
115-volt d-c switches will compare in size 
and weight with the conventional in- 
dustrial counterparts are incorrect. It 
is also improper to expect a-c equipment 
to perform satisfactorily on direct current. 

A low-travel snap-action-type switch, 
having a 0.070-inch contact gap and rated 
ten amperes at 24 volts direct current, 
interrupts less than one ampere at 115 
volts direct current. Also, an A N-3023 
aircraft toggle switch rated ten amperes 
at 24 volts interrupts less than one ampere 
at 115 volts. Actually, three amperes in 
a 115-volt d-c inductive circuit will sup- 
port an arc across a one-eighth-inch gap. 
Such performance has discouraged the 
adoption of 115-volt d-c aircraft power. 
This attitude is not justified, since well- 
known design principles can and have 
been applied to solve this problem. These 
switch-design principles include: 


Multiple break. 

Deion grid. 

Magnetic are suppression. 
Solid insulation arc barrier. 
Liquid arc barrier. 


6. Hermetical sealing. 

(a). Pressurized gases. 

(b). Vacuum, 

Sufficient empirical data have been com- 
piled which definitely disprove many 
statements made concerning switch in- 
adequacy for the higher-voltage direct 
current. , 


oR 9 No 


115-Voitt D-C SwircHEes ARE AVAILABLE 


For immediate application the Cutler 
Hammer Company offers a line of 110- 
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22) d-c ‘“‘tool-handle’”’ switches, which 
have 5-, 10-, and 20-ampere industrial 
ratings. Actual tests have indicated that 
these switches may be used at approxi- 
mately half of their commercial rating for 
altitudes up to 40,000 feet when connected 
as single-pole double-break units. These 
switches are designed to interpose a solid 
insulation barrier between the contacts, 
which effectively suppresses the arc. For 
equivalent power interruption these 
switches are lighter than the conventional 
24-volt line. 

A double-pole toggle-switch type A N- 
3023 has six times the single-pole ca- 
pacity when the two poles are connected 
in series for a double break. 

Low-travel snap-action-type switches 
are available with magnetic-arc-suppres- 
sion provisions and are rated ten amperes 
at 115 volts direct current for operation 
up to 40,000 feet. One such switch was 
tested with and without the magnet from 
sea level to 50,000 feet with various con- 
tact spacings. The capacity of the switch 
was increased by 400 per cent with the 
proper use of the arc suppressing magnet. 
It is possible to use a small magnet for 
atc-extinguishing purposes for as little as 
one tenth of an ounce additional weight 
per switch. Within the aircraft industry 
it has been stated that a magnetic field is 
ineffective as an arc suppressing agent at 
low pressures, and that arc reversal occurs 

at certain altitudes. A careful check was 


made under altitude simulated conditions’ 


up to 50,000 feet. All of the mentioned 
altitude irregularities of devices incor- 
porating magnetic arc suppression were 
experienced, but on investigation proved 
to be due to inadequate insulation and 
spacing. The tests performed indicate 
that accepted theories of arc behavior in 
magnetic fields are correct. 

The 24-volt type AN-3022 aircraft 
toggle switch may be used safely for 


three-fourths of an ampere at 115-volts — 


direct current for altitudes up to 50,000 
feet. At 115 volts this is 90 watts, and 
the switch should satisfy more than 40 
per cent of the total switch requirements. 

A study of airplane switching require- 
ments indicates that 90 per cent of the 
loads on a large airplane will require a 
three-ampere switch for 115 volts and a 
15-ampere switch for 24 volts. 


THREE-PHASE A-C SWITCHING 


The three-pole switch for three-phase 
alternating current is inherently heavier 
and more complicated than the single- 
pole switch commonly used in d-c circuits. 


SwitcH DEVELOPMENTS 


The preceding discussion concerns con- . 


ventional switch design. An important 
electric function, such as aircraft switch- 
ing, demands equipment designed specifi- 
cally for the purpose. A great deal of 
effort has been expended in the last two 
years in the attempt to interest aircraft- 
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accessory manufacturers in the design 
and production of hermetically sealed 
switch gear. Obviously, a switch with 
contacts sealed in an enclosure with 
hydrogen or some other suitable gas under 
pressure would not be deleteriously 
affected by altitude variation, humidity, 
moisture, ice, dust, foreign matter, con- 
tact oxidation, and ionization. A small 
hermetically sealed switch manufactured 
by the Western Electric Company for use 
in submarine cables was tested with en- 
/eouraging results. This switch, measur- 
ing one quarter of an inch in diameter and 
two inches in length, had magnetic leaf- 
type contacts enclosed in a hydrogen at- 
mosphere. The switch was actuated by 
an external magnet and_ satisfactorily 


_ interrupted more than one ampere at 115- 


volts direct current in a circuit having an 
L to,R ratio of 0.020. This same switch 
is adaptable to electromagnetic operation 
as arelay. At the present time higher- 
capacity 15-ampere sealed switches and 
relays with double-throw contact arrange- 
ments are being developed by several 
companies. 


RELAYS ‘ 


In general the remarks concerning 
switches apply as well to relays. A line of 
relays originally designed for three-phase 
208-volt alternating current recently has 
been given 115-volt d-c ratings. They 
are available in three sizes up to 5-kw 
continuous duty and 20-kw rupturing 
capacity. For d-c use the ratings are 
based on series connection of the three 
poles, thus constituting a single-pole re- 
lay having a six-break mechanism. 

Another relay originally designed for 
24-volt direct current has been adapted to 
115-volt d-c service by the addition of an 
0.05-ounce Alnico magnet for each pair 
of contacts. Tests indicated that this 
relay would interrupt safely ten amperes 
at 30,000 feet and six amperes at 50,000 
feet. ; 

It is interesting to note that an in- 
dustrial-type relay rated 100 amperes at 
115 volts direct current weighed 25 
pounds, while a comparable aircraft relay 
designed for the same voltage weighed 
only 1.75 pounds. Assertions that higher 
voltage will result in extremely heavy 
switch gear probably are founded on the 
consideration of such commercial equip- 
ment. It should be noted that the air- 
craft units were designed to much more 
severe requirements for an ambient-tem- 
perature range of +158 to —85 degrees 
Fahrenheit, and for vibration and ac- 
celeration loads in excess of ten grams. 
In fact, this 115-volt relay weighs less 
than a 24-volt relay having a comparable 
power rating. The weight of a high-cur- 
rent 24-volt contact mechanism: is in- 
herently heavier than that for the lower- 
current 115-volt power equivalent. Spe- 
cifically, the weight of current carrying 
components is substantially greater than 
that of are suppression mechanisms. 
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‘lamp. The increased efficiency of the 


supports have been tested under simt 


Crrcuit-PROTECTION DEVICES 

Circuit breakers incorporating el 
magnetic arc extinction have pr 
satisfactory for 115-volt aircraft ¢c 
protection. Design investigations 
being conducted to adapt these ec 
breakers to overload protection and ci 
cuit-switching service. The Gen 
Electric Company has a series of 2 
volt a-c 115-volt d-c fuses which may be 
preferred to circuit breakers. ~ 


Lighting 


FILAMENT CHARACTERISTICS 


a 
f 
4 


In the design of aircraft 24-volt lam 
for low-wattage sizes, the filament 
been drawn to minimum diameter and 
some cases has been etched to redux 
further the cross-section area. Whent 
suggested that lamps be designed for 1 
volt service, it is argued that filaments ar 
already too fragile. In many instan 
these low-wattage lamps give insufficie 
light and would be better replaced wit 
brighterlamps. To get this higher out 
the filament need only be increased i 
length, the diameter being the same. It 
increasing the length it is assumed t 
the filament support will be of a stur 
vibration-resistant character. The fil; 
ment-diameter worry exists only wit 
the low-wattage low-lumen output lamps 
The filament of a 50-watt 115-volt lam 
could be the same diameter as the widel 
used 15 candle power 24-volt aircra 


electric generating system plus the re 
duced power loss in high-voltage distr 
bution systems, since much of the cable 
already will be of minimum gauge, per- 
mits the use of higher-wattage lamps. 
The problem with 115-volt landing lamp: 
is with the filament support rather that 
with the filament diameter. Several 11 
volt lamps with different-type filame 


lated aircraft-vibration conditions. Cer 
tain lamps which have espe¢ially de 
signed vibration-resistant filament sup 
ports operated for at least 250 hours whe 
vibrated over a range of 100 to « 
cycles per minute with a total excur: 
of 0.031 inch. Therefore, it is conclude 
that satisfactory lamps are available in 
20-, 40-, and 50-watt sizes. 


Lamp Lire AFFECTED BY MOUNTING 


Where lamp life is important the lamp- 
assembly mounting should be designed 
carefully, An actual lamp installation 
was mounted on a platform and vibrated 
with a 0.031-inch total excursion. Th 
filament movement was measured to 
from 0.062 to 0.25, depending on 
resonant characteristics of the mountin 
This is mentioned because lamp failure is 
frequently the result of faulty installation 
rather than lamp design. Shock mount 
ing of lamp assemblies may be desirab 
to increase the life of certain essentia 
lamps such as landing lights. — 


H 


ELECTRICAL es 


A-C Lamps ; ‘. 


Filament resonance, sometimes en- 
countered with a-c lighting and especially 
with 400-cycle power, does not exist with 
direct current. In order that phase 
balance may be maintained during lamp 
on and off conditions it is necessary that 
high-wattage lamps for alternating cur- 
rent have special three-phase filament 
structures. For smaller lamps it is 
general practice to distribute lamp loads 
among the three phases with resultant 
wiring and phase-balance complication. 


PRESENT SUPPLY PROBLEMS TEMPORARY 


The aircraft electrical designer is hav- 
ing difficulty in obtaining a wide variety 
of adequate 115-volt lamps. This is 
probably due to the high production de- 
mands on lamp manufacturers because of 
war necessity. 


Radio 


’ 


It is frequently stated that alternating 


current is ideal for radio power, while 
direct current, because of voltage-con- 
version difficulties, is not. This is a 
fallacy, because fundamentally radio 
equipment requires direct current which 
is normally obtained from alternating 
current by rectification and filtering. The 
aircraft radio designer seldom chooses 
tubes for desired d-c potentials but in- 
stead resorts to dynamotors, inverters, 
and transformers. This procedure is 
neither desirable nor necessary. At 
present 24-volt direct current is being 
used successfully as the only operating 
potential in some aircraft radio receivers 
and in at least one transmitter, except for 
_the power stage. Equipment so designed 
has proved the equal of previous designs 
in all respects and superior as regards to 
voltage breakdown of capacitors and in- 
sulation. A d-c potential of 115 volts can 
be used with greater facility and even 
better results. Beam-power amplifiers 
represent a step in the direction of low- 
voltage transmitting tubes. 


Motors 


GENERAL CONSIDERATIONS 


On large airplanes having a gross weight 
of over 100,000 pounds, 150 or more 
motors may be installed. On one well- 
known airplane at least 125 motors are 
used for armament alone. Although 
motors represent as little as 20 per cent of 
the airplane electrical equipment, they 
may constitute as much as 75 per cent of 
the entire electric load. 

# Motor weight is a function of the per- 
formance required. In general the weight 
of d-c motors for high-starting and peak- 


torque service will be less than for alter- . 


nating current. For example, a peak out- 
put of eight horsepower will require a 
two- or three-horsepower d-c motor or 
about a four-horsepower a-c motor. On 
the eight-engine airplane previously re- 
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ferred to, about 70 per cent of the motors 
were estimated to be of the high-torque 
intermittent-duty type. 


Motor EFFICIENCY 


Efficiency of intermittent-duty equip- 
ment is not important, since power loss 
due to inefficiency of such equipment is 
negligible. The weight of intermittent- 
duty equipment can be reduced by de- 
signing for lower efficiency, and such 
weight saving usually will more than 
justify such design. Only where the peak 
horsepower requirements of a motor ap- 
proach the peak generation output of the 
aircraft electric system is efficiency of 
intermittent-duty motors.a critical factor. 

The efficiency of a 115-volt d-c motor 
will be higher than that of a comparable 
24-volt motor due to lower brush losses. 
For a given power output a 115-volt d-c 
motor will be lighter than an equivalent 
low-voltage motor by virtue of smaller 
commutator and brushes. 


BRUSHES 

A great deal has been said recently con- 
cerning brush wear. Many conflicting 
theories have been expounded for the 

erratic performance of brushes at high 
altitude. It is not within the scope of 
this discussion to review or conjecture on 
the suppositions now prevalent. Ex- 
cessive brush wear at high altitudes 
usually has been evident where current 
densities have approached 200 amperes 
per square inch. 

As a result of current military need 
for improved 24-volt brush life, research 
and development have progressed to the 
point where 1,000 hours’ service has been 
assured for motors and generators from 
sea level to 40,000 feet. The same tech- 
niques will be applied to 115-volt d-c 
rotating equipment with even longer 
brush life. In the near future brush 
maintenance on d-c motors may be almost 
‘negligible in view of the development of 
new brush materials. 


EXPLOSION-RESISTANT MOTOR 
REQUIREMENTS 


Identical explosion-resistant require- 
ments exist for both a-c and d-c, high or 
low voltage motors. The assumption that 
brushless motors are explosion proof is 
unjustified since they are equally sus- 
ceptible to: 

1. Faulty workmanship. 
2. Insulation breakdown. 
3. Stalled rotor overheat. 


Any of these faults may result in ignition 
of explosive fuel mixtures. 


Power Generation 


ALTITUDE EFFECTS 


Military demands have increased the 
altitude ceiling of airplanes to 40,000 feet 
or more. This does not mean that such 
high-altitude flight will prevail after the 
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CABLE WEIGHT (POUNDS) 


50 


100 150 200. 
CIRCUIT LENGTH (FEET) 

Figure 3. Aircraft cable weight for transmitting _ 
three horsepower 


war. Airplanes may fly as high as 25,000 
feet in order to avoid storm conditions, — 
but it is probable that commercial trans- 
port and cargo planes seldom will be 
flown above 20,000 feet. Direct current 
is generally conceded as being satisfactory 
for electric power up to 25,000 feet, but it 
is claimed that alternating current is the 
only answer for very high altitudes. 
Lengthy technical papers have been 
published in which higher-voltage d-c 
system considerations were dismissed 
with a few perfunctory remarks to the 
effect that higher-voltage d-c power is not 
suitable for high-altitude service. Ex- 
perience and test results indicate that 
direct current is not only adequate, but 
may be the best type of very high-alti- 
tude aircraft power. Satisfactory per- 
formance of d-c inverters, radio dyna- 
motors operating at 1,000 volts or more, 
and electric fuel pumps on airplanes being 
flown at extremely high altitudes sub- 
stantiate this statement. The a-c sys- 
tems now under consideration employ a 
d-c generator for alternator excitation, 
This practice seems inconsistent if d-c 
generation is not considered entirely re- 
liable at high altitudes. Objection to the 
use of direct current at high altitudes has 
come from the improper use of equipment 
of doubtful low-altitude design at 30,000 
to 40,000 feet. The failure of marginally 
designed equipment, such as generators 
having brush current densities of over 200 
amperes per square inch, does not con- 
stitute valid reason for objection to the 


Figure 4. Three-wire feeder 
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use of direct current for high-altitude 
airplanes. Conservative design which in- 
corporates maximum compensation, nor- 
mal brush current densities, and other 
standard commutation practices will re- 
sult in good high-altitude performance. 


HicH- AND LOW-VOLTAGE D-C 
WEIGHT COMPARISON 


The weight of 115-volt generation 
equipr-ent will be less than that for 24- 
volt design. Smaller brushes and com- 
mutator area make the 115-volt generator 
lighter than comparable low-voltage ma- 
chines. High-current low-voltage com- 
mutation is heavier and less reliable than 
the low-current 115-volt equivalent. 

On very large airplanes it would be im- 
practical to parallel ten 24-volt 6-kw 
generators for a required power of 60 kw. 
Neither is it practical to design larger 
generators having an output of 1,000 am- 
peres or more at 30 volts because of the 
commutation difficulties and unwar- 
ranted commutator weight. Present 115- 
volt generators are at least 15 per cent 
lighter than equivalent 24-volt units. 
Appreciable weight savings are obtained 
for the 115-volt d-c voltage-regulation 
equipment. On the same eight-engine air- 
plane it was estimated that the high- 
voltage generation system was lighter 
than the low-voltage generation system by 
appreximately 150 pounds. 


A-C AnD D-C Weicut Comparison 


There should be little difference in 
weight between comparable a-c and d-c 
generators when the necessary alternator 
field excitation is included. Comparison 
‘of constant-speed alternators with vari- 
able-speed d-c generators is confusing 
and wrong. The important weight 
difference between a-c and d-c machines 

comes from generator drive requirements, 
A variable-speed d-c generator is very 
much lighter than the combination of an 
alternator and its associated constant- 
speed drive mechanism. The speed of air- 
plane propulsion engines is varied from 
approximately 1,000 to 3,000 revolutions 
per minute. To maintain constant fre- 
quency within practical limits it is neces- 
sary to interpose an automatic constant- 
speed transmission to drive the alternator 
from a main engine. The weight of a 
variable-speed d-c generator is somewhat 
more than that of a constant-speed gen- 
erator, but this weight difference is small 
~ compared with the weight of a constant- 
speed drive mechanism required for con- 
stant-frequency alternating current. This 
constant-speed transmission device is 
proving to be a serious design problem. 
Itis expected that the weight of these con- 
stant-speed drives can be reduced approxi- 
mately to two pounds per horsepower 
for the 60-kw alternator. In addition 
to an estimated 150-pound weight 
penalty the constant-speed drive creates 
unknown hazards and complication. 

The difficulty with a-c design does not 
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end with securing relatively constant fre- 
quency. There is the additional problem 
of providing means for paralleling the 
alternators. The relative position of 
paralleled 400-cycle alternator rotors must 
be the same with only a very small angu- 
lar displacement permissible. Equip- | 
ment to accomplish such synchronization 
is usually complex. © 

A method of avoiding’ parallel opera- 
tion of alternators is to divide the air- 
plane loads between two independent 
alternators with automatic means for 
transferring the loads from an alternator, 
which may fail, to the remaining one. 
The divided load system will require more 
elaborate distribution wiring and bus in- 
stallations, more extensive load protec- 
tive measures, and complicated transfer 
equipment. The load transfer system to 
be practical must be automatic and 
sufficiently rapid, so that there is no 
appreciable interruption of service, 
There should be no danger of stalling 
motors, of de-energizing relays, nor of 
interrupting solenoid-operated equip- 
ment. A load transfer system is usually 
troublesome, and its design is technically 
difficult. The reliability of such a system 
is questionable and cannot be compared 
with the inherent safety and simplicity of 
parallel-operated d-c generators. 

For alternating current, a divided load 
system on large aircraft will.require two 
alternators driven at a constant speed, 
each of which must have sufficient ca- 
pacity to carry the entire load. The size 
and weight of the alternator and constant- 
speed-drive combination does not permit 
direct mounting on a main engine. A 
remote accessory drive shaft and gear 
box would be required, and it is to be re- 
membered that space aft of the engine is 
at a premium. A proposed remote drive 
for each 30-kva alternator was estimated - 
at 50 pounds, a weight penalty which a-c 
systems can ill afford. If it is assumed 
that a large airplane will require 60 kva, 
the generation system will have 120 kva 
available in two alternators. For the 
same requirements six main engine-driven 
15-kw d-c generators can be used with 
much greater reliability. The six d-c 
generators having 90-kw output will be 
considerably lighter than the 120-kva 
alternator installation. 


AUXILIARY ENGINE POWER 


Auxiliary engine-driven aircraft alter- 
nators have been operated successfully in 
parallel, and this system constitutes a 
standby until the proposed systems are 
proved satisfactory. The reason for 
present consideration of other a-c power 
systems is the weight inefficiency of con- 
stant-speed auxiliary electric drives 
which will be explained. 

Auxiliary power may be the answer to 
many electrical design problems, but the 
efficient use of such power cannot be ob- 
tained where constant speed operation of 
the auxiliary engine is required. This is 
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only with the use of direct current. 


of a d-c system. The battery constitutes 


because the average electric load for lon; 
flights may be less than 30 per cent o 
peakdemand. The fuelconsumption 
be reduced only 36 per cent for a 70 
cent reduction of load. Another caus 
high auxiliary engine fuel consumption 
the fact that, to compensate for the | 
of power at altitude and to supply 
tomary short-time overload capacit 
the auxiliary engine size must be incre 
considerably over the nominal requ 
ments. For a required 50-kw peak | 
at 20,000 feet, a 175-horsepower auxi 
engine is needed. Of this 175 horsepower 
an average of only 15 kw will be used 
flight, yet 64 per cent of the full 
gasoline consumption will be requ 
An estimate of fuel required by two 50 
auxiliary engines operated at consta 
speed throughout a 25-hour flight was 6 
pounds more than for main engine-driv: 
generators. y 


a4 

Fuel consumption of auxiliary engines 
can be reduced materially by gover 
engine speed in conformity with load re- 
quirements. This may be accomplished 
by providing a load-sensitive spe 
governor for the auxiliary engine, dri 
a variable-speed d-c generator. A two-t 
one speed regulation of the auxiliary from 
peak load to average load is required to 
show favorable weight comparison with 
present main engine-driven designs. 
Load governing of the auxiliary between 
wider limits would result in additional 
weight savings. It is obvious that thead- 
vantages of variable-speed load governed 
auxiliary power-plant design are practical 


Where auxiliary power plants are in- 
stalled for engine starting and for on-the- 
water operation, it is desirable that th 
also be used in flight. Because of vibra- 
tion complications, service troubles, and 
crowded accessory compartments, it is 
desirable to remove the generators from 
the engine. By centralizing the power 
supply a material saving can be made in 
wiring and bus weight. 
BATTERY POWER 

In the electric-system design there may 
be some need for limited amounts of stored 
energy which can be supplied by storage 
batteries. Depending on the capacity re- 
quired, it may prove lighter to install a 
small auxiliary power plant in place of 
the storage battery. In either case the 
stored energy can be conveniently a part 


an extremely inefficient source of electric 
power, and its use will be avoided 
wherever possible. 


Conclusion 


For large aircraft, regardless of alti 
tude service, 115-volt direct current i 
more practical than either 24-volt direct 
current or 208/120-volt 400-cycle three- 
phase alternating current. The 115-volt 
system is considerably lighter than either 
the 24-volt d-c or the a-c system. 


ELECTRICAL ENGINEERING 


Application of Electronics to Aircraft 
| Flight Control 


W. H. GILLE 
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PROBABLY no other control problem 
offers so many opportunities for the 
vantageous application of electronics 
the design of equipment for automatic 
ght control. The type C-1 Autopilot 
ed in the Army’s heavy bombardment 
rcraft is a typical example of equipment 
which the use of electronic devices has 
oduced a flexible well-co-ordinated 
ntrol system from what was formerly 
| unwieldy electromechanical machine. 


herent Design Problems 


To appreciate fully the problems in the 
sign of an automatic pilot it is first 


cessary to understand the fundamental | 


inciples of flight control. 
The control of an airplane can be re- 


lved about three perpendicular axes, 


illustrated in Figure 1. When the 
sition of the airplane is such that its 
Il and pitch axes are horizontal and its 
im axis is vertical, it will fly “straight 
id level’; but, whenever the airplane 
made to rotate about one or more of 
ese three axes by movement of its 
lerons, elevators, or rudder, its flight 
1this changed. The ailerons, elevators, 
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and rudder therefore are called the control 
surfaces of the airplane. It is important 
to remember that the position of these 
control surfaces does not determine the 
airplane’s position, but rather the rate 
of the airplane’s rotation about its cor- 
responding axes. This characteristic of 
airplane flight control makes it necessary 
for the pilot to perform double operations 
in executing simple maneuvers. 

As an example, consider the operation 
of the ailerons in making a left turn. 
First the airplane is made to roll to the 
left by displacing the ailerons—the left 
aileron upward, the right aileron down- 
ward. As the airplane reaches the de- 
sired angle of bank, the ailerons again are 
streamlined to stop further rotation, and 
the airplane remains in the bank until 
the desired turn has been made. The 
ailerons are then displaced in the opposite 
direction for the time required to return 
the airplane to level flight. Rudder and 
elevator controls are operated in a similar 
manner, except that the elevator and, 
to a lesser degree, the rudder are not com- 
pletely streamlined during the ma- 
netver: 

_ Another complication in aircraft flight 
control arises from the fact that, in most 


turning maneuvers, the ailerons, rudder, 


and elevator all must be operated simul- 
taneously to produce a proper turn. Too 
much rudder will cause a skid; too much 
aileron, a slip; and too little up-elevator 
will permit the plane to lose altitude in 
the turn. Therefore, any automatic 
pilot must accurately proportion the 


Although a few problems exist with the 
se of either high-voltage system, those 
r direct current are not difficult, while a 
tisfactory solution for the many a-c 
roblems is questionable. 
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movement of each control to fit a complex 
pattern and, at the same time, co-ordinate 
the movement of all controls to maintain 
them in proper relationship with one an- 
other, 

In addition, it is highly desirable for 
an automatic pilot to be so universally 
adaptable that identical units from the 
production line will operate effectively 
when installed in different types of air- 
planes. Since different types of aircraft 
have widely different flight character- 
istics, and since these same characteristics 
are influenced materially by speed, load- 
ing, altitude, and weather conditions, an 
automatic pilot, to be universally adapt- 
able, must have provisions for easily 
adjusting its operating characteristics to 
match those of the airplane. 

The use of vacuum-tube circuits not 
only simplifies the solution of these prob- 
lems but also makes possible a degree of 
sensitivity and accuracy not obtainable 
by any othermeans. These features are of 
basic importance in an automatic pilot de- 
signedforhigh-altitude precision bombing. 


Description of Autopilot Equipment 


The primary function of an automatic 
pilot is to fly the airplane straight and 
level. It must operate the controls. 
quickly and smoothly in response to any 
deviations from an established attitude 
and heading. 

In the C-1 Autopilot the vertical flight 


\ 


AILERON 


TURN AX 


Figure 1. Flight-control axes of an airplane 


Figure 2. Vertical-flight gyroscope 
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Figure 3. Directional stabilizer 


gyroscope is employed as a reference for 
roll-axis and pitch-axis deviations (see 
Figure 2). Its outer case is mounted 
firmly to the structure of the airplane, 
but its rotor is universally mounted 
within the case so that the gyroscope’s 
automatic erection system can maintain 
the roter axis vertical, regardless of the 
‘position of the airplane. Any tilting of the 
gyroscope case with respect to the rotor is 
measured electrically by four potentiome- 
ters within the unit. These potentiome- 
ters have their windings fastened to 
the case and their sliders held in position 
_ by the gyro rotor. The resulting elec- 
trical signals activate the system to re- 
store the aircraft to level flight. Since 
pitch-axis deviations are corrected by ele- 
vator control alone, only one potentiome- 
ter is located on the pitch axes. How- 
ever, three potentiometers are located 


on the roll axis of the unit, as all three con- | 


trols (aileron, rudder, and elevator) are 
employed to correct roll-axis deviations. 

Directional or turn-axis control is de- 
rived from the directional stabilizer 


Figure 4. Schematic diagram of the Autopilot 
_ system 


‘ 


(Figure 3), which contains a horizontal 
gyroscope. The rotor of the horizontal 
gyroscope tends to remain fixed in space, 
unaffected by turning movements of the 
airplane. Here again, potentiometers 
with their windings fastened to the outer 
case and their sliders held in position by 
the gyro-rotor assembly are used ; to 
measure electrically any course deviation 
of the airplane. Two potentiometers 
are used, one for rudder control, the other 
for aileron control. 


Thus, in the two gyro-controlled units 


a total of six potentiometers are employed 
as the sensing elements of the system. 
The individual units are identified in 
Figure 4 by the numbers 1 and 10, and 
‘the potentiometers by the numbers 5, 6, 
11,12, 13,and14. Aseventh potentiome- 


onigenaicuecese 


Figure 5. One of the three servo units 


ter (number 2 in the illustration) is 

an auxiliary part of the Autopilot, used 

to energize a direction indicator (7) on the 
’ pilot’s instrument panel. 

No less important in the operation of 
the Autopilot are the motorized servo 
units which do the actual work of moving 
the control surfaces (see Figure 5). Three 
such units are required, one each for ai- 
lerons, rudder, and elevator. (In Figure 
4 these units are located at 15, 18, and 


‘control panel (Figure 7). 


‘ 


19.) Each servo unit contains an electric 
motor which drives a cable drum through 
a differential gear train. Two solenoid- 
operated clutches control the direction 
of cable-drum rotation; one clutch turns 
the drum in one direction, the other in the 
opposite direction. An automatic brake 
mechanism effectively holds the cable 
drum stationary when neither of the two, 
clutch solenoids is energized. Cables 
wound on the servo-cable drum are at- 
tached to the main control cables which 
move the control surfaces. . 4 
Each servo unit also contains a balane- 
ing potentiometer with its winding fas 
tened to the servo-unit frame and its 
slider attached to the cable drum. The 
purpose of these balancing potentiometers 
will be revealed later in the explanations 
of the controlling bridge circuits. oe 
The seven-tube amplifier (Figure 6) is 
the electronic brain of the Autopilot. 
It contains three distinct channels, one 
for each of the three flight-control axes 
(item 16 of Figure 4). Each channel con- 
tains two tubes—a 7F7 double-amplifier 
stage, a 7N7 discriminator stage, and two 
relays which operate the clutch solenoids 
of the related servo unit. For the mo- 
ment, each channel of the amplifier may 
be thought of as a motor controller which 
analyzes the amount and direction of 
control-surface movement called for by 
the sensing potentiometers in the bridge - 
circuit and which then operates the cor- 
responding servo unit accordingly. 
Manual control and adjustment of the 
system are provided by the Autopilot 
This unit 
centralizes at the pilot’s fingertips the 
various switches and control knobs by 
which he engages the system, aligns the 
Autopilot with a selected attitude and 
heading, adjusts the sensitivity of the 
Autopilot, regulates the amount of con- 
trol surface applied to correct a given 
deviation, and co-ordinates interrelated — 
control functions. .A “turn control’’ is 
included by which the human pilot can 
execute turns and evasive tactics without 
disengaging the Autopilot. ’ 
Power for the d-c components of the 
system is supplied by the airplane’s bat- 
teries. A rotary inverter provides the 


7 


Figure 6. Autopilot amplifier 
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9-volt, 105-cycle a-c power required. 
‘he entire Autopilot equipment, with all 
=ven motors, 14 solenoids, and seven- 
ube amplifiers energized and operating, 
raws only 7.6 amperes from the 26-volt 
-c batteries. Normal voltage and fre- 
uency variations have relatively little 
ffect on the performance of this Auto- 
ilot system. 


fhe Bridge Circuits 


If the gyroscopes are thought of as the 
yes of the Autopilot, the servo units as 
he muscles, and the amplifier as the 
rain, then the bridge circuits might be 
ikened to the nervous system by which 
Il these components are interconnected. 

There are three distinct bridge circuits 
f the resistance type in the system—one 
ach for aileron, rudder, and elevator 
ontrol. Each bridge circuit provides 
he input to a specific amplifier channel 
vhich, in turn, pipenaice one of the servo 
Inits, 

Figure 8 is a schematic diagram of the 
jleron bridge circuit, which has been 
implified for the purpose of explanation. 
‘he aileron-control potentiometer, shown 
it the top of the diagram, is located in the 
ertical-flight gyroscope and is sensitive 
o roll-axis deviations of the airplane. 
fhe balancing potentiometer at the 
ottom of the diagram is actuated by the 
able drum on the aileron servo unit. 
30th potentiometers are energized by a 
‘ommon transformer in the amplifier. 

If we apply Kirchhoff’s law to this cir- 
uit, 


1—-@=E (1) 


As long as e; and é2 are equal, E is zero 
nd no signal is applied to the amplifier, 
nd the servo unit remains stationary; 
yt, when the control potentiometer is 
lisplaced, ¢, and é, are no longer equal 
nd a signal E is impressed on the ampli- 
ier. Depending on the phase character- 
stic of H, the amplifier then causes the 
ervo unit to drive the balancing po- 
entiometer in the proper direction to 
nake é» equal to e, and thereby reduce E 
o zero. In effect, the potentiometers, 
mplifier, and servo unit comprise a self- 


Figure 7. Autopilot control panel 
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balancing bridge circuit in which the 
balancing potentiometer produces a cor- 
responding movement of the cable drum 
to drive the control surfaces of the air- 
plane. This is the fundamental operat- 


‘ing principle of the C-1 Autopilot. 


Actually, of course, the circuit is com- 
plicated somewhat by the necessary in- 
clusion of additional control potentiom- 
eters, as shown in the diagram of the 
aileron bridge circuit (Figure 9). The 
principle of operation, however, is the 


same; and the same type of equation 


applies: 


me be = +( @) 
ie, ge RR 


In this equation, E is the voltage output 
of the entire bridge circuit, and es is the 
voltage applied by the balancing 
potentiometer. 

When E is zero, the circuit is balanced 


SIGNAL ON TUBE 
ENERGIZES RELAY 


re 


BALANCING POTENTIOMETER | 


‘CABLE DRUM 


SERVO 
MOTOR. 


Figure 8. Simplified bridge circuit 


and the system is at rest; but, whenever 
any potentiometer in the system is moved, 
the voltage (£) is effective on the am- 
plifier and causes the servo unit to drive 
in the proper direction to adjust es to 
such a value that £ again will be zero. 

In normal flight, e, and é are zero, be- 
cause the potentiometer wipers are at 
their center taps, as indicated by the 
dotted lines on the diagram. The other 
values are such that E is zero and the cir- 
cuit is in balance. When the airplane is 
blown off course, the banking potentiome- 
ter on the directional gyroscope is dis- 
placed. This produces a signal, é2,, which 


- causes operation of the servo unit and a 


corresponding increase in the value of é; 
to rebalance the circuit. Movement of 
the ailerons immediately causes a bank 
and consequently a reduction of es as the 


-vertical-flight gyroscope is tilted. This 


reduction of és offsets the effect of é2 and 
results in reversal of the servo unit to 


streamline the ailerons when the degree 


of bank becomes proportional to the 
directional deviation. 
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000000080 
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Figure 9. Complete bridge circuit 


Meanwhile the airplane is turning back 
toward its original heading, reducing the 
value of ¢2. Since é: is now less than the 
change of e3, the circuit is again unbal- 
anced, and the servo unit applies opposite 
aileron to reduce the degree of bank. As 
the airplane levels off, the value of e3 in- 
creases toward its original level-flight 
value. Because both e: and es now are 
approaching their normal values, the 
servo unit again reverses to restore é; to 
its normal value. Thus, the ailerons 
reach their trim position in level flight as- 
the original heading of the airplane is 
restored. 

Note that the turn-control trimmer and 
the bank trimmer are provided to regulate 
the effect of the turn-control and banking 
potentiometers by applying the fractional 
factors 7:/Rz and f2/Re. | 

Among the advantages of using poten- 
tiometers in a-c bridges are: 


1. Simple isolation of voltage sources. 


2. Controllable amplification of small sig- 
nals. 


3. Linearity of control characteristics. 
4. Nondistortion of wave forms. 


5. Full 180-degree phase change at balance 
point. 


A linear relationship exists between 
the deviation in attitude of the airplane, 
as measured by the potentiometers on the 
gyroscope and the displacement of the 
control surfaces. The voltage output 
of a bridge potentiometer can be con- 


' sidered as practically proportional to the 


displacement of the sliders, because of the 
high impedance of the amplifier input ~ 
circuit when compared to that of the 
bridge circuit. The one exception to 
this linearity is the banking potentiometer 
on the directional gyroscope, which is 
represented by a single potentiometer 
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with linear characteristics in Figure 9, but 
which is actually a combination of two 
potentiometers. These two potentiom- 
eters are so arranged that their sliders 
are displaced in unison (see Figure 10), 
and the resulting voltage (e2) is a para- 
bolic function of the turn angle (6). The 
voltage magnitude of this ‘dual-pot” 
slider displacement is given approxi- 
mately by the formula 


2 =a0-+b8 (3) 


in which a and 6 are constants dependent 
on the fixed resistances (r3) and (r4) in 
the bridge network. Equation 3 de- 
termines the magnitude of e, only for 
positive values of 0 (deviation of airplane 
to the right). For determining the mag- 
nitude of ¢, when @ is negative (deviation 
_to the left), the equation is 


é2=a0?— bd 


See Figure 15. Then if we substitute in 
equation 2, 


E=az + (a6?-+50) = + (eee) (4) 


- Employment of the resistance bridge 
with electronic motor control permits 
the substitution of simple and easily 
accessible electrical adjustments in place 
of more difficult mechanical adjustments. 
_ As an analogy, imagine how much easier 
it would be to adjust the carburetor, 
tappets, and distributor of your auto- 
mobile if it could be done by turning 
knobs as you do in selecting a station on 
your radio. In the electronic Autopilot 
this ease of adjustment is attained simply 
by connecting rheostats (located on the 
control panel) to the bridge circuit as 
‘shown in Figure 9. The two centering 
rheostats are mounted on a common shaft 
connected in series with the balancing 
potentiometer, as shown. When the 
resistance of one is increased, the resist- 
ance of the other is decreased. This ar- 
rangement permits the pilot to shift the 
electrical center of the balancing 
potentiometer in either direction to align 
the circuit with the mechanical trim 
_ position of the control surfaces. These 
centering potentiometers thus can be 
likened to “electrical trim tabs.” 


eWIPERS S 
MECHANICALLY +e 
LINKED Ri! acai) 


Figure 10. Partial circuit showing dual poten- 
tiometer arrangement 
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Figure 11. Schematic diagram of one amplifier 
‘ channel 


Another rheostat connected in parallel 
with the balancing potentiometer regu- 
lates the voltage drop across the poten- 
tiometer winding. This ‘‘ratio control” 
governs the amount of control-surface 
movement produced by a given displace- 
ment of the control potentiometer. This 
adjustment might be considered an 
electrical “gear shift,’’ as it varies the 
airplane’s ‘‘speed of response’ for a given 
deviation. 

With slight variations, the rudder and 
elevator bridge circuits are similar to the 
aileron circuit just described. 


Amplifier Operation 


So far, the amplifier has been de- 
scribed merely as a phase-sensitive motor 
controller which responds to any un- 
balance of the bridge circuits by closing 
the proper relay, thereby producing the 
required servo-unit operation. How the 
amplifier works and how it introduces 
special control characteristics are re- 
vealed by the schematic diagram of one 
of its three channel (see Figure 11). 

Note that only two tubes are used in 
each channel, one 7F7 and one 7N7. 
The first section of the 7F7 tube is used 
strictly as an amplifier, with no d-c bias 


PLATE CURRENT 


PLATE CURRENT 


1 
i A= HIGH SENSITIVITY BIAS 
B=LOW SENSITIVITY BIAS 


5 
‘iets 
., 


- GRID VOLTAGE + ; 
Figure 12. Characteristic curve of the control 
tube, illustrating the effect of changing sensi- 

tivity bias 


Gille, Kutzler—Aircraft Flight Control 


ardpat! 
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DISCRIMINATOR BIAS 
CONTROL 
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FT CLUTCH aa TO RIGHT CLUTCH, 
10 OF OF SERVO. 


| impressed on the grid. However, when 


Thus, negative signal voltages applied to 


applying a variable positive bias. 


RELAYS 


‘ 
~S THROTTLE 
| CONTACTS 


OF SERVO 


applied to the grid. The second sectio: 
however, is penployee ina eee — 


trolling rales anilied toits grid. 

Attention is called, first, to the resist- 
ance R which is connected in series with 
the grid of the second section. 


the left-hand end of this resistor is propor- 
tioned between the resistor and the 
ternal grid resistance. When the app 
voltage is negative, no current will flo w 
between cathode and grid, as the grid 
resistance becomes practically inhauee 
Therefore, the entire applied voltage is 


the applied voltage is positive, current 
flows between cathode and grid, because 
the grid resistance becomes very low in 
comparison with the resistance of R, and 
hence only a small fraction of the applied 
voltage actually is impressed on the grid. 


the resistor produce sharp plate-current 
fluctuations, whereas positive voltages 
do not cause any appreciable change in 
plate current (see Figure 12). In effect, 
this resistor lowers the saturation point 
of the tube’s characteristic curve and pro- 
duces a very flat curve beyond that point. 

It is apparent from the resulting char- 
acteristic curve (Figure 12) that the 
sensitivity of the tube can be controlled by 
Thus, 
when the tube is biased at point A (hig 
sensitivity) a small signal will produce 


PLATE CURRENT 


GRID VOLTAGE 


Figure 13. Characteristic curve of the control 
tube, illustrating the effect of throttling bias 
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plate-current variations. But when the 
tube is biased at point B (low sensitivity), 
the same signal is ineffective, and a larger 
signal is required to produce plate-current 
fluctuations. This sensitivity bias is 
knob-controlled by a potentiometer (Fig- 


ure 11) located on the Autopilot control . 


panel. 

The sensitivity bias is applied con- 
tinuously, but, under certain conditions 
of operation, two additional bias voltages 
are applied to this same tube section. 
One is a negative feed-back voltage which 
has the effect of increasing the tube’s 
sensitivity whenever either half of the 
7N7 discriminator tube is passing cur- 
rent. The other is a throttle voltage, of 
higher positive value than the sensitivity 
bias, which is applied to the tube when- 
ever the throttle contact on.either of the 
two relays is closed. The effect of this 
throttle voltage is to increase the bias on 
the grid to point C (Figure 13), thus block- 
ing any signals which are not sufficiently 
large to overcome this increased bias. 


PLATE CURRENT 


2 


GRID VOLTAGE 


INPUT SIGNAL 


Figure 14. Characteristic curve of the dis- 
criminator tube 


(Referring to Figure 13, note that a signal 
which produces plate-current fluctua- 
tions when the tube is biased at’ B is in- 
effective when the bias is changed to C.) 
A resistance-capacitance time-delay ‘cir- 
cuit serves to maintain the throttle bias 
on the tube for a short time after the re- 
lay contacts reopen. . 


The purpose of the feed-back: circuit _ 


is to insure that the weakest signal ca- 
pable of overriding the bias of the control 
tube will be amplified sufficiently to drive 
the discriminator tube, and thus produce 
positive nonchattering operation of the 
relay. 

' The discriminator tube, which em- 
ploys alternating voltage on the plates, 
is biased negatively to the cutoff point. 
This bias is sufficiently large to prevent 
any current flow through either half of 
the tube when no signal is applied to the 
grid (see Figure 14). 
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Figure 15. Output voltage of dual banking 
potentiometers versus directional deviation of 
airplane 


It is apparent from the diagram (Fig- 
ure 11) that since the two plates of the 
discriminator tube are connected to op- 
posite ends of similar transformer wind- 
ings, the voltage of one plate is always 
180 degrees out of phase with the voltage 
of the other plate. When the signal ap- 
plied to the interconnected grids is posi- 
tive, the electrons will flow from the cath- 
ode to whichever plate is positive at the 
same instant. Since each plate circuit 
contains a relay coil, the corresponding 
relay is energized. Thus the discrimi- 
nator tube operates one relay or the other, 
depending on the phase relationship be- 
tween the input signal and the alternating 
plate voltage supply. In effect, this 
discriminator is a grid-controlled rectifier 
similar to a thyratron. 

As illustrated by the diagram, indi- 
vidual relays control the operation of sepa- 
rate clutches in the servo unit and thus 
control the direction and amount of 
servo-unit rotation or control-surface 
movement. 

Now, let us follow a signal from the 
bridge circuit all the way through the 
amplifier circuit. This signal will be one 
which calls for counterclockwise rota- 
tion of the servo unit, as would be pro- 
duced by energizing the left-hand clutch 
solenoid. That is, the signal is in phase 
with the voltage at plate A of the dis- 
criminator tube. The signal is first am- 
plified and reversed in phase by the first 
section of the 7F7; then it is applied to 
the grid of the second section where it 
produces plate-current pulsations during 
the negative half of the cycle. Since the 
signal phase again is reversed in the 
second section, these plate-current pulsa- 
tions apply a positive half-wave signal to 
the discriminator tube which is in phase 
with plate A of that tube. The resulting 
current flow energizes relay A, which in 
turn energizes the left-hand clutch sole- 
noid of the servo unit. 

. At first the signal on the control-stage 
grid of the 7F7 is sufficiently large to over- 
ride the: additional positive bias intro- 
duced by the closure of the throttle con- 
tacts on the relay. However, as the 
servo unit drives the balancing potenti- 


Gille, Kutzler—Aircraft Flight Control 


ometer toward the balance point, the 
signal gradually is reduced until its nega- 
tive peaks no longer exceed the throttle 
bias. When this occurs, the signal to 
the discriminator tube is interrupted, 
causing the relay to drop out for about 
one-eighth second while the time-delay 


-capacitor discharges. 


When the capacitor is discharged, the 
throttle bias is lost and the signal to the 
discriminator is restored. The relay 


‘closes again, but only momentarily, be- 


cause the throttle bias is thereby re- 
applied. The result is that, as the servo 
unit approaches the balance point, it 
operates intermittently with a “pecking” © 
action which prevents overshooting or 
“overcontrol” of the airplane. The rate 
of correction, which is fast for large devia-. 
tions, will diminish gradually as the air- 
plane approaches a stabilized-flight at- 
titude. 


Summary ; 

In automatic flight control, as in other 
control problems, the limit of flight ac- 
curacy through mechanical and electrical 
controlling methods seems to have been 
reached. Only by the application of elec- 
tronic-control principles has it been pos- 
sible to set new standards and to achieve 
full flexibility of control with com- 
pletely automatic operation of all con- 
trol functions. Furthermore, these ad- 
vantages have been obtained with actual 
reductions in the total weight of equip- 


- ment. 


Since the use of an automatic pilot for 

precision bombing imposes complex and 
rigid requirements which are not en- 
countered in commercial aeronautics, 
it can be confidently stated that the con- 
tinued development of electronic con-— 
trols will produce a small lightweight, 
foolproof automatic pilot for peacetime 
use. Because of the precision bombard- 
ment Autopilot, the control industry is 
certainly richer in knowledge and ex- 
perience, and will be better able to cope 
with the new problems of peacetime in- 
dustry. 
' Although the connection now seems 
obscure, some of the applications in the 
development of the type C-1 Autopilot 
were taken from a cabin-temperature- 
control system. In a similar way, the 
principles employed in both systems have 
been found useful in the automatic regula- 
tion of engine power. And so, in a seem- 
ingly endless chain, each new develop- 
ment brings to light the solution of an- 
other problem. Who knows what ap- 
plication these same developments will 
find in enlarging the prosperity, health, 
and happiness of.a peaceful world? 
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Parallelingand Regulation of 94-28-Volt 
D-C Generators'in Multiengine Aircraft 


ARTHUR SIEGAL 


ASSOCIATE AIEE 


Synopsis: This paper presents the findings 
of a rather extensive program of testing 
electric systems in aircraft. Only the system 
which is presently being used in ‘most 
United States Army Air Forces multiengine 
aircraft and a proposed system, which has 
been designed as the result of the tests, are 
described. All intermediate steps are not 
discussed since it is felt that the effects of 
these steps have been reflected in the pro- 
posed system. The proposed system differs 
from the present system primarily in that it 

_ employs separate networks for power feed 
and distribution instead of a common bus. 
Several desirable features of such a system 
are pointed out. Equipment is discussed in 
a general manner since the aircraft designer 

_ is concerned with the design of equipment 
only insofar as it affects the operation of the 
system. However, quite often the aircraft 
designer is in a position to make suggestions 
for improvement of the equipment. 


Mo large United States Army Air 
Forces aircraft of the,present day 
_employ the type of electric system that is 


outlined by the Army Air Forces speci-- 


fication 32300, “Installation of Elec- 
trical Equipment, General Specification 
for.” This is a 24-28-volt d-c single-wire 
grounded negative system in which the 
nominal rating of the batteries is 24 volts 
and the engine-driven generators deliver 
power at 28 volts. All power is fed into 
and taken from a common bus which 
interconnects all wiring of the airplane 
as shown in Figure 1. 
Four main-engine-driven generators 


and one or more batteries supply power to. 


the airplane. An auxiliary power plant, 
- gasoline-engine driven, is available for 
ground operation, take-off, and landing. 
A bus exists across the airplane from 
number 1 to number 4 nacelles and from 
the nose of the airplane to the tail. Each 
generator feeds into the bus at its respec- 
tive nacelle through a reverse-current 
relay. The batteries feed into the bus 
through a relay which is operated by the 
pilot. External power may be supplied 
to the airplane while on the ground 
through an external power plug. It can 
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be seen from this that normally there are 
five sources of power feeding into the bus: 
the four generators and the batteries. It 
is evident that electrical resistance must 
exist between each and every feeder point. 
With current flowing the voltage drop, or 
differential voltage, between inboard and 
outboard nacelles may be as much as one- 
quarter volt. To overcome this differ- 
ential, the outboard generators must 
generate a higher voltage than the in- 
boards if equal load distribution is to be 
expected. 


‘ 


Generator Relay 


The generator is connected to the bus 
by a relay (see Figure 2) which closes 
only when the generator is delivering 
voltage higher than a predetermined value 
(approximately 26 volts). A small 
“pilot” relay V which determines the 


“cut-in” voltage operates a set of con- 


tacts T in the main winding. The gener- 
ator switch which is controlled by the 
pilot completes the circuit. In addition, 
the relay opens in the event that generator 
voltage drops below bus voltage and 
causes reverse current to flow through the 
generator. Permanent magnets are used 
to polarize the pilot relay so that current 
passing through coil Rin the normal direc- 
tion strengthens the field but reverse cur- 
rent induces magnetomotive force in 
opposition. As the induced magnetomo- 
tive force approaches the strength of the 
permanent field the attraction on the 
relay armature is nullified and the con- 
tacts open. It is this function that gives 
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the relay its common designation ‘as ¢ 


a 


reverse-current relay. 

A new relay has recently been d 
veloped to replace the reverse-current re- 
lay. It is referred to as a differen tial 
voltage relay and gets its name from i its . 
operating characteristic. Provided the 
generator is delivering voltage higite : 
than the bus voltage by a minimum value 
(between 0.25 and 0.50 volt) the relay 
will close and put the generator in service. 
In this case, the “‘pilot” relay operates 
on the differential in voltage between the 
generator and bus. There is a series cur- 
rent coil, similar to that in the reverse- 
current relay, which ‘performs the same 
functions. These are: aie 


1. To keep the pilot contacts closed after 
the main relay closes, at which time the dif- 
ferential between generated and bus voltage ; 
no longer exists. 

2. To open the relay when a reverse cur- 
rent of sufficient magnitude flows into the 
generator. ‘ 


Voltage Regulation 


Circuit details for one generator are 
shown in Figure 3. System voltage is 
regulated by individual voltage regula- 
tors (Figure 2) foreach generator. Regu- 
lation is accomplished by varying the 
resistance of the generator shunt-field 
circuit so that a constant voltage is main- 
tained within the range of operating 
speeds regardless of load conditions. 
This variation of field resistance is ac- 
complished in the regulator, by the in- 
fluence of the voltage winding N upon 
the variable resistor L. The generator 
field current is taken through the re- 
sistor; variationin resistance causes Varia= 


Schematic wiring 3 diagram typical 
four-engine airplane 


Figure 1. 


1—Engine-driven generator 
2—Reverse-current relay 
3—Voltage regulator — 
9—Auxiliary power plant 
L—Load center 


ELECTRICAL ENGINEERING 


VOLTAGE 
REGULATOR 


_ REV CURRENT 
RELAY 


GENERATOR 


igure 2. Schematic wiring diagrams, typical 
equipment 


A—Generator field terminal 
B—Generator positive terminal. 
D—Equalizing-coil terminal 
E—Generator negative terminal 
G—Ground (negative) terminal 
K—Equalizing-coil terminal 
l—Variable resistor (field) 
M—Equalizing winding 
N—Voltage winding 
O—Variable resistor (adjusting) 
P—Fixed resistor (cu rrent-limiting) 
Q—Rectifier 
R—Series current coil 
S—Main relay winding 
T—Pilot relay contacts 
U—Main relay contacts 
V—Pilot relay winding 
W—Generator field windings — 
X—Generator armature 
BAT—Bus connecting terminal 
SW—Switch terminal 
VEG—Nesgative terminal 8 
SEN—Generator positive connecting terminal 


7 


jon in generator field current, thus 
naintaining a constant voltage under all 
sonditions of speed and load within 
ated limits. 

The variable resistance O is connected 
n series with the solenoid regulating coil 
;o that a greater or lesser portion of the 
ine voltage is imposed on the regulating 
soil, thus increasing or lowering the regu- 
ating voltage. Normally, this is the 
nly adjustment made on the regulator. 

The regulator is connected to the indi- 
vidual system at the generator side of the 
everse-current relay, and is centrally 
ocated in the fuselage of the airplane for 
iccessibility in flight. This results in 
mother voltage differential in the sys- 
em, in addition to the voltage drops in 
he busses because the connection be- 
ween the reverse-current relay and the 
egulator is a different length for each 
renerator. In considering the functions 
yf this connection it is necessary to 
inalyze the currents which it must carry. 
[hey are: 
|. The current necessary to energize the 
egulator. 

». Field current for the generator. 
* Operating current for the voltmeter. 


|. Operating current for main winding of 
he reverse-current relay. 


t follows that a connector intended to- 


nergize the regulator is performing three 
\dditional functions. All of these cur- 
ents are reasonably constant except 
he generator field current which may 
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vary from approximately three to ten 
amperes. As a basis for comparison it 
may be assumed that the length of this 
connector is approximately 30 feet from 
the outboard nacelle to the regulator and 
20 feet from the inboard nacelle to the 
regulator. A simple calculation will 
show that under identical conditions the 
voltage drop across this connector would 
be 50 per cent higher for the outboard 


' nacelle than for the inboard. The effect 


of this condition upon the generator, as 
shown in Figure 4, is that the generated 
voltage exceeds the regulator setting by 
a value equal to the drop across the line. 
In some cases this value may be as high 
as one volt. This analysis shows that 
under all conditions the outboard genera- 
tors will be delivering a different voltage 
than the inboards, if all regulators are 
adjusted to the same value. Hence, a 
natural tendency for poor load division is 
introduced. 


- Load Division — 


Voltage regulators are provided with 
an equalizing circuit, which tends to make 


_ all generators deliver equal current. The 


equalizing circuit provides for equal dis- 
tribution through the influence of wind- 
ing M on winding N and the resultant 
effect on resistor L, as shown in Figure 2, 
by lowering the voltage of the generators 
which are tending to deliver high current 
and conversely raising the voltage of those 
generators which are delivering compara- 
tively low current. In this respect, if 
one generator is out of service and the 
equalizing circuit is left intact, it will 
endeavor to lower the voltage of the 
others. At the same time the regulator 
will tend to raise the voltage of the ‘‘off”’ 
generator so that it will take more load. 
Since the one generator is inoperative, as 
far as the system is concerned, its voltage 
is zero. It is impossible to lower the 
voltage of the other machines to such a 

value. However, the equalizing circuit 
will exert its full energy to accomplish 
this. The result is a drop in voltage of 
the generators in service. The magni- 
tude of this voltage drop is dependent 
upon the number of generators in the 
system, the generators out of the service, 
and the total load on the system. At any 
time a generator is out of service the re- 
spective reverse-current relay is open 
whether the pilot’s control switch indi- 
cates ‘‘on’”’ or ‘‘off.”’ For instance, if the 
switch is ‘‘on” but the generator speed 
drops to a point where it can not carry the 
load its reverse-current relay will open 
and remain open until the speed rises 
again. Thus, it becomes desirable to de- 
vise some method whereby the equalizing 
circuit will be opened automatically. 
The simplest method for accomplishing 
this is to add auxiliary contacts to the 
reverse-current relay. This would re- 
quire practically no change in the air- 
plane wiring since the equalizing con- 


Figure 3. Schematic wiring diagram, one 
generator circuit 


1—Generator 
2—Reverse-current relay : 
3—Voltage regulator 
4—Ammeter 

5—Voltmeter 

6—Generator switch (control) 
7—Ammeter shunt 

8—Positive bus 


nection from the generator to the regu- 

lator usually passes close to the relay. 
Another solution to the problem em- 

ploys a double-pole single-throw toggle 


- switch rather than a single-pole single- 


throw as the generator switch. The extra 
pole is used to open the equalizing circuit 
at the same time the generator switch is 
opened. This accomplishes the desired 
results provided the generator is inten- 
tionally put out of service or the operator 
knows the generator is inoperative, and 
opens the switch. The objections to this 
solution are that it is not automatic and 


additional resistance is introduced by the 


additional wiring which is required to 
extend the circuit to the point at which 
the switch is located. 

Energy for the equalizing circuit is 
obtained from a voltage drop across a 
portion of the generator circuit, which is 
specifically the connection between air- 
plane structure (ground) and the E (nega- 
tive) terminal of the generater, as shown 
in Figure 3. In accordance with Air 
Corps Specification 32,300 the resistance 


VOLTAGE DIFFERENTIAL 


GENERATOR ewe Grater an SPEED 
Figure 4. Differential in generated voltage 
and regulator setting due to resistance of con- 
nections between the generator and voltage 
regulator for a typical four-engine aircraft 


Solid curves—Generator on outboard engine 
Dashed curves—Generator on inboard engine 
A—Generator operating at rated minimum 


speed 

B—Generator operating at rated maximum 
speed 

C—Generator delivering rated full-load cur- 
rent 


D—Generator operating at no load 
| 
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of this portion of the circuit is to be main- 


. tained at a value which will give a drop 


of one-half volt +5 per cent with rated 
current flowing. However, for any given 
airplane a deviation between generators 
of more than two per cent should not be 
exceeded. On some airplanes this drop 
is accomplished through the use of a 
given length of copper conductor, the 
resistance of which may vary widely with 
temperature. Consequently, the voltage 
drop may vary with ambient temperature 
and load conditions. In some airplanes 
this condition is accentuated by the 
ground circuit for the inboard generators 
being located in the wheel well. The con- 
ductors which comprise the circuit are 
exposed to outside air temperatures, 


‘which may differ by as much as 200 de- 


grees Fahrenheit from the ambient tem- 
perature in the outboard nacelles. The 
ammeter shunt is usually located in this 
circuit and with the necessary connec- 
tors contributes to the required resist- 
ance. A loose connection anywhere in 
the circuit may cause erratic results as to 


_ the voltage drop under given conditions, 


since contact resistance varies widely 
when passing current. In this type of 
installation, all such connections must be 
controlled. Furthermore, it is impor- 
tant that the ground connection be made 
to basic structure. In some cases this 
connection is made to anodized parts. 
The resistance of an anodized connection 
is as unpredictable as a loose connection. 


_ The equalizing circuit has a low resist- 


ance and operates on low voltages. 
Since the total voltage is one-half volt 
across the ground circuit at full load and 
the equalizing circuit is to operate not 
on this entire value but on differences 
existing between generators, if a two per 


cent tolerance is to be maintained in 


load distribution, the equalizing circuit 
must be capable of operating on voltage 


differentials down to 0.01 volt, the drop 
, tesulting from a flow of two per cent 


rated current. The resistance of the 
winding in the regulator itself is approxi- 
mately 0.4 ohm. For this reason it is 
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‘substitute. 


important that the connection between 
the generator ground circuit and equalizer 
circuit of the regulator have a low resist- 
ance. Assuming that the lead resistance 
is no more than 0.1 ohm, the total resist- 
ance of the circuit for one generator is 
0.5 ohm. With 0.01 volt across this 
value of resistance the current flow would 
be in the order of 20 milliamperes. 

To minimize the effect of resistance 
changes of the generator ground circuit 
due to temperature it is desirable to use 
a material having a lower thermal coeffi- 
cient of resistivity and a higher resistivity 
than copper. 
sult in a more constant resistance under 
all temperature conditions and a probable 
reduction in weight. Manganin, which 
is widely used in instrument shunts, is the 
most logical choice for this purpose. 
Manganin is at present a critical material. 
However, even during normal conditions 
its cost would probably prohibit its use. 
Nichrome was found to be a suitable 
Based on the use of 200- 
ampere generators, a resistor necessary to 
provide a one-half volt drop weighs only 
10 ounces compared to approximately 
3.5 pounds of wire used for the same re- 
sistance. Another advantage of having 
such a unit rather than a length of wire 
is that it can be calibrated before installa- 
tion to a close tolerance. When a re- 
sistor of this type is used it is advisable 
to make the equalizer-circuit connection 
at the resistor rather than at the genera- 
tor. This makes the connection across 
only a calibrated unit and eliminates the 
effect of the necessary connections in 
the circuit. The importance of this can 
not be stressed too highly since success- 


Figure 5. Schematic wiring diagram, pro- 


posed system 


41—Engine-driven generator 
2—Reverse-current relay 

3—Voltage regulator 

9—Auxiliary power plant 

L—Load center 

©—Location for suitable circuit protector 


Siegal, DeCourcey—D-C Generators in M: ultiengine Aircraft 


ful pavatiel apernce depends pl 


Such a material would re- 


' system. As the result of tests conducted 


on the equality of the ground-cir 
sistance. 

From the standpoint of weight sa’ 
and wiring simplification, it is desir: 
to incorporate the ammeter shunt ; 
the resistance unit. It is a simple matter 
to tap off a portion of the resistor w. 
will give the same voltage drop as the 
ammeter shunt now being used. This — 
value is usually 50 millivolts at 300 am- 
peres. The addition of such a tap in-— 
creases the weight of the resistor unit by 
a negligible amount, whereas the am- 
meter shunt weighs approximately 12 ; 
ounces. This eliminates an extra part 
as well as several connections. 

Study of the foregoing shows that. 
there are four major points. to consider — 
which affect load distribution between 
generators. They are: 


1. The location of the reverse-current relay 
with respect to the system. ch 

2. The length and size of connection be- 
tween the reverse-current relay and the 
regulator. - 
3. The resistance value and equality of the 
generator ground circuits. a 


4. The total resistance and equality of the 
regulator equalizing circuits. : 


The power in such a system is drawn from 
the bus at various points; that is, at each 
nacelle and several points within the | 
body of the airplane. There is no central 
power distribution point. 


= Se. 


Proposed System _ 


“A desirable aircraft sec system 
would utilize all of the previously de- 
scribed equipment and eliminate the un- 
desirable characteristics of the present 


on the component parts and the system 
a whole in the laboratory ene on air- 
planes, a revised system,* shown in 
Figure 5, was proposed. The proposed 
system consists primarily of two net- 
works, one a feeder network and the 
other a distribution network. All power 
is fed into and taken from a single point 
which is common to the two. The out- 
put of each generator is fed directly into 
the body of the airplane to a central 
point, where its reverse-current relay 
and voltage regulator are located, 
mounted adjacent on a panel. There i is 
an individual panel for each generator. 
The output sides of the relays are con- 
nected by bus to the central power point. 
This constitutes the feeder network. 
A radial network distributes power to 
various load centers in the airplane. 
Analysis of this system shows that 
regulator connectors of excessive and 
unequal lengths are eliminated. Line re- 


* Navy Department Buread i ‘eehaaties out- 
lines a similar system for large aircraft in specifica- 
tion SR-8. Therefore, the proposed system is not 


entirely new except in its application to large Arm 
Air Forces aircraft, { B, : 
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The Gyrdsyn Compass 


O. E. ESVAL 


ASSOCIATE AIEE 


N all military and commercial air- 

craft, the gyroscope is depended on 
or attitude and direction references. 
[The vertical spinning gyroscope provides 
ittitude indication in the form of the 
irtificial horizon. At present, other at- 
itude representations based on the 
vertical gyroscope are available. The 
ise of the.vertical gyroscope has been 
iccepted for 15 years or more, and will 
oe further improved for indication of roll 
und pitch but probably never superseded. 
The indication of azimuth, or heading of 
the airplane, which is actually the attitude 
wound the vertical axis called direction, 
ip to the present has had no standard 
means of presentation. In the past, mag- 
1etic compasses have been used for this 
nurpose. These instruments for air- 
‘raft use are imperfect, and it has been 


ound necessary to supplement this type ~ 


of indication with a secondary reference 
n the form of a directional gyroscope. 
With the addition of the directional gyro- 
scope, the inherent defects of the com- 
dass are greatly minimized. These de- 
ects are well known and can be stated as 


|. Lack of stability. 
2, Northerly turning error. 


[he directional gyroscope is essentially a 
ryroscope with the spin axis horizontal 
ind mounted in gimbals with freedom 
bout the vertical such that it tends to 
tay fixed in space around this vertical 
xis. A card fixed or geared to the 
yertical-axis gimbal will show changes in 


heading and for appreciable periods of 
time will provide a reference for main- 
taining a straight course. It is, however, 
subject to slow wander, and therefore 
must be corrected once in a while by 
manual resetting. This is done holding 
flight on a straight and level course. 
Then the conventional magnetic com- 
pass gives fairly reliable information and 
the directional gyroscope can be set to 
agree with its average reading. It is 
obvious that this system of periodically 
resetting the directional gyroscope to 
compensate for its random drift isa seri- 
ous handicap to instrument flying. 
Also, in military aircraft, the usefulness 
of the magnetic compass in the cockpit is 
diminished because of the disturbances 
on the magnetic field due to the proximity 
of electrical components and armor plate. 


Statement of Problem 


The purpose of this paper is to de- 


scribe, in a general manner, the develop-” 


ment and characteristics of a system 
which largely eliminates these serious 
shortcomings. The first approach to a 
problem of this kind is to establish the 
basic requirements of a satisfactory direc- 
tion-indicating system. The require- 
ments are as follows: 


1. The indication shall be stable in all con- 
ditions of air turbulence. 


2. Nomanual resetting or attention on the 
part of the pilot shall be required. 


3, The readings must be free from devia- 
tion and deviation changes. 

4. Several repeaters of the indication must 
be provided for, each giving a stable or dead- 
beat indication. 

5. The equipment must be simple, both 
mechanically and electrically, and all parts 
requiring periodic service must be easily 
accessible. 

6. The accuracy must be commensurate 
with the limitations of the earth’s magnetic 
field, 

7. Turn errors must be negligible. 


8. The entire system shall have minimum 
weight and volume. 

In attacking this problem, soueres 
points stand out. It becomes apparent 
that it is necessary to operate from the 
earth’s magnetic field at some part of the 
aircraft remote from magnetic disturb- 
ances and to transmit the indication 
to various points convenient to the flight 
personnel. The location for the magnetic 


sensitive unit should be in a part of the 


airplane where deviation and deviation 
changes are zero, or a minimum. There- 
fore, it must be away from guns, turrets, 
cargo, motors, and so forth. Such a 
location may, for example, be the very 
tip of a wing, the top of the vertical fin, or 
some part of the stabilizer. To enable 
mounting in such confined spaces, the 
unit itself should have the smallest pos- 
sible physical dimensions. It also should 
be simple and rugged, to withstand the 


vibration and buffeting that is often © 


severe in remote parts of the airplane. 


In addition, since such locations prob- 


Paper 44-181, recommended by the AIEE com- 
mittee on air transportation for presentation at the 


-AIEE Los Angeles technical meeting, Los Angeles, — 


Calif., August 29-September 1, 1944. Manuscript 
submitted April 27, 1944; made available for print- 
ing June 22, 1944. 

O. E. Esvat is director of aircraft instrument re- 
search, Sperry Gyroscope Company, Inc., Garde 
City, N. Y. 


istance between relays is eliminated. All 
qualizing circuits have equal resistance. 
n such a system the disadvantages of the 
resent system are overcome. In addi- 
ion, a reduction in the weight of the 
lectric system seems possible. 


‘In any electrical service circuit protec- 


ion against fault damage is usually em- 
oyed. Circuit protection is particularly 
lesirable in military aircraft because of 
jossible damage from enemy gunfire. 
Parallel wiring has been advanced as a 
ossible method of protection against 
ailure of electric equipment due to 
lamage of wiring from gunfire. Com- 
at experience has indicated that such 
lamage is not frequent. However, if the 
dded precaution is desired parallel wir- 
ng can be applied to any system. Par- 
lel wiring is a modification of any given 
ystem and should not be considered an 
dditional system. 

Locations for suitable circuit protectors 
re shown on Figure 5. The term “‘suit- 
ble protector’ is used because no one 
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type of protector is capable of performing 
the desired functions in every location. 
Various sizes and types will be required. 
Comparison of Figures 1 and 5 will show 
the difficulty in attempting comparable 
protection with the present system. 

A comparison of the two systems shows 
that the desirable features of the proposed 
system are as follows: 


1. There is a central distribution point 
from which all power is taken. 


“Dee power is fed into and regulated at 


this point. 


3. Better load distribution between the 
generators is obtained because all generators 
are electrically symmetrical about the load 
center and do not have inherent circuit 
inequalities which the regulator must over- 
come. The only function the equalizing 
circuit of the voltage regulator is required 
to perform is that of compensating for ir- 
regularities in the voltage regulation. 


4. Relays and regulators are accessible in 
flight for adjustment and replacement, if 
necessary. 


Esval—The Gyrosyn Compass 


5. Since each individual circuit on the air- 
plane carries primarily its own load current, 
it is possible to provide adequate circuit 
protection for a given circuit without undue 
influence on other circuits. 


6. Wire sizes of the power distribution 


lines can be reduced to take advantage of — 


the central supply point to the extent that 
the effective resistance between the power 


_ supply and the load is decreased. This al- 


lows a smaller wire to be used in many cases 
where wire sizes are controlled by resistance. 
In many cases it is possible to rate the wire 
thermally allowing a reduction in wire 
weight. A comparison of the two systems as 


used on a typical four-engine aircraft shows _ 


that a weight reduction of approximately 38 
pounds is effected by replacing connec- 
tors with smaller wire sizes wherever pos- 
sible. 

Observations on test airplanes crplat 
ing the proposed system have shown that 
voltage regulation and power distribu- 
tion are improved. Also, maintenance 
time required for the electric system has 
been decreased. 
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@bly are somewhat inaccessible, the de- 
vice must be particularly durable to elimi- 
nate frequent servicing of that part. 
All other parts subject to periodic serv- 
icing must be in the cockpit or othe 
easily accessible location: . 


Gyrosyn Compass 


The Gyrosyn compass provides one 
method of meeting the indicated require- 
ments. This system consists essentially 
in automatically and continuously cor- 
recting the directional gyroscope for its 
random drift by indications derived from 
a direction-sensitive device located in a 
magnetically undisturbed region of the 
airplane. The need for manually re- 
setting the directional gyroscope is elimi- 
nated, and it thereby serves also as a 
space-stabilized compass. The direction- 
sensitive device is termed a flux valve. 
It may be located in practically any part 
of the airplane because it is small. In 
this system, the directional gyroscope is 
synchronized by the flux valve to mag- 
netic meridian. This explains why the 
name ‘‘Gyrosyn”’ was selected. 


Vertical Gyroscope Analogy 


It is interesting to note that this treat- 
ment of the directional gyroscope for 
direction indication is an exact analogy 
to the conventional use of the vertical 
gyroscope in which oscillations of short- 
period pendulums are integrated to 
establish accurate attitude indications 
without recourse to manual resetting. 
Why the directional gyroscope remained 
a “free-gyro’’ device for so many years 


after the vertical gyroscope was made to 


be controlled deserves explanation. First, 
simple devices such as the flux valve were 
unobtainable at the time the first gyro 
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vertical was constrained to seek the ver- 
tical of its own accord, and also old-style 
magnetic compasses were fairly ade- 
quate until flying conditions became too 
exacting. Actually, controlled direc- 
tional gyroscopes have been in use for a 
number of years, mainly in Europe. 
These, however, do not provide the sim- 
plicity of a short-period pendulum, are 
expensive to build, and while providing 
stable indications, fail to meet other re- 
quirements set forth above. 


Description 


A representative installation of the 
Gyrosyn compass is shown in Figure 1. 
It is noted that an alternate position of a 
flux valve is indicated. The system com- 
prises two main units shown in Figure 2, 
Gyrosyn indicator (with amplifier), 
flux valve with connecting cable and op- 
tional repeater unit; Figure 3 shows the 
flux valve (close-up). The primary in- 


Figure 1. Aiirplane with Gyrosyn compass 


Gyrosyn-compass system 
C-1—Turn-indicator adaptation 
Total weight with one flux valve and two re- 
peaters 1141/2 pounds estimated 
A—Flux valve and mounting bracket—weight 
‘ 1 pound actual 
B—Gyrosyn-compass indicator—weight 8 
pounds estimated 
C—Gyrosyn-compass repeater—weight 11/4 
pounds actual 
1—Gyrosyn-compass indicator 
9—Repeater 
3—Flux valve ; 
4—3 phase, 400 cycles; 115 volts, 27 volts 
direct current 
5—Indicating pointer 
6—Course setter 
7—Cover 


Esval—The Gyrosyn Compass 


signal pickup coils on each. A voltage is 


dication in this system is the direct: 
gyroscope, and it is shown in the cockpi 
for use by the pilot as a flight ind: cator. 


indicator may be allotted to some otl 
member of the crew, such as the navi- 
gator. The sensitive pickup device em- 
bodying the flux-valve elements is shown 
in Figure 4. Itis essentially a permea 
core device having an exciting win 
and three phases spaced 120 degrees with 


generated in the respective coils, depend- 
ing on the relative position in the earth’s 
field. By virtue of the fact that the out- 
put voltage changes sinusoidally with the 
position of each phase in the earth’s field, — 
it is possible to indicate the direction of 
the earth’s magnetic field relative to the 
flux-valve element at a distant point. 
This is done by connecting the coils to 
respective phases of a self-synchronous 
unit located at primary indication loca- 
tion. Without going deeply into the — 
theory of operation, it suffices to say that 
the induced voltage of the rotatable 
secondary winding of the self-synchronous 
unit has a magnitude and polarity deter- 
mined by its angular displacement rela- 
tive to the angular displacement between 
flux-valve element and the earth’s mag- 
netic field. By properly positioning the 
secondary winding, or rotor of the self-_ 
synchronous unit, angularly, a null signal 
may be obtained. This is the normal 
self-synchronous position. The rotor of 
the self-synchronous unit is linked me- 
chanically to the vertical ring of the 
directional gyroscope. The electrical and — 
mechanical schematic diagram of this 
system is shown in Figure 5. Shown also 
on this diagram is a precessing device © 
which applies torque around the hori- 

zontal axis normal to the spin axis of the - 
gyroscope. The precessional torque is 
controlled in magnitude and direction by © 
the polarity and strength of the signal 
from the rotor of the self-synchronous 
unit, after amplification and rectification. 
The torque applied about the horizontal 
axis of the gyroscope simply produces 
rotation around its vertical axis, thereby 
driving the self-synchronous-unit rotor to 
a position where the signal becomes zero. 
In other words, the gyroscope is con- 
strained to the position that maintains 
null self-synchronous-unit output. This 
means that the spin axis of the gyroscope 
will remain oriented in a fixed position 
relative to the earth’s magnetic field, or 
magnetic meridian. The directional gy- 
Toscope, therefore, seeks the magnetic 
meridian in a manner very similar to the 
way in which a vertical gyroscope seeks 
the vertical. The only conditions under 
which the output of the self-synchronous 
unit is not null occurs when the gyroscope 
in its normal manner slowly drifts away 
from its correct azimuth position, or when 
the system is “turned on,” preparatory to 
making a flight, that is, the period of 
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Figure 2. Gyrosyn-compass indicator (with 
amplifier), flux valve with connecting cable, 
and optional repeater unit 


initial synchronizing. Heading changes 
are made without precessing the gyro- 
scope and without losing synchroniza- 
tion. This is due to the fact that the 
magnetic meridian with respect to the 
flux valve and the directional gyroscope 
and self-synchronous unit with respect to 
the aircraft move through exactly equal 
angles, and therefore the null is not dis- 
turbed. The acceleration experienced in 
turn will temporarily disturb the null, 
but this will not produce a serious error, 
as described later. It is shown in Figure 


5 that the flux valve in itself is a pendu- — 
It is 


lum with two degrees of freedom. 
suspended on a universal joint in a man- 
ner normally to keep the plane of the 
flux valve horizontal. This must be 
done so that the indication obtained from 
this element represents the direction of 
only the horizontal component of the 
earth’s magnetic field: Thus, a change in 
attitude of the airplane in roll or pitch 
cannot tilt the flux valve. It will remain 
in the horizontal plane. Certain dis- 
turbances, however, momentarily may 
swing it out of the horizontal. Such dis- 
turbances will make the signal fluctuate 
and give momentary erroneous data. In 
rough air, the signal may almost con- 
tinually fluctuate. This brings us to the 
important function of the directional 
gyroscope as a primary indicator. It 
serves effectively to integrate all short- 
period disturbances and oscillations. The 
maximum precession rate as called for 
by the flux valve through the self-syn- 
chronous unit is limited. The period of 
pendulum, on the other hand, is so short 
that a single oscillation of the pendulum 
cannot be detected by observation of the 
gyroscope. The result in the Gyrosyn is 
that this system provides deadbeat ac- 
curate indications that are unchanged by 
any weather conditions. 


Turning Error 


_ So far, it has been shown that most of 
the requirements stated in the beginning 
can be met by a simple addition to the 
directional gyroscope, and by two extra 
2lements, the flux valve and the amplifier. 
A deadbeat remote-indicating magnetic 
compass is obtained. Another of the re- 
yuirements stated is the reduction of the 
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northerly turning error. This error does 
exist in the Gyrosyn compass as in any 
magnetic-compass system that directly 
or indirectly is controlled by gravity. 
If the craft is turning, the resulting ac- 
celeration acts on the pendulum to dis- 
place it from a horizontal position. This 
results in an erroneous signal, the amount 
and direction of which depends on the 


- instantaneous heading of the aircraft 


during the turn. The gyroscope, there- 
fore, commences to move away from the 


magnetic meridian, but it does not do so. 
rapidly. Asa matter of fact, for a normal . 


Figure 3. Flux valve (close-up) 


turn the duration is not sufficiently long 
to cause the gyroscope to be in error more 
than a few degrees, usually not more than 
five degrees. If the turn continues in- 
definitely, or, in other words, the air- 
plane continues to circle, the error signal 
reverses on itself and does not cause ac- 
cumulation of gyro errors. Rather, the 
gyro indication will slowly move back 
and forth about its correct position. It 
should be noted that definite limits are 
placed on the gyro precession rate. The 
precession characteristics against angle 
of error is nonlinear. This being the case, 
sustained oscillation of the pendulum 
resulting from air turbulence or poor 
manual flying, may cause desensitization 
of the coupling between flux valve and 
gyroscope. To overcome the oscillation, 
a small amount of damping is introduced 
on the flux-valve pendulum. It is ac- 
complished by enclosing the element in a 
sealed chamber and filling with damping 
fluid. The damping coefficient may vary 
through wide limits without impairing the 
accuracy of the Gyrosyn compass, and 
therefore wide variations in temperature 
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encountered do not, by changing the 
damping-fluid viscosity, affect the system 
operation. 


Alternate Turn-Error Corrections 


In applications where the gyroscope is 
used as an automatic-pilot reference for 
rudder control, another means of limiting 
turn errors is usually available. Turns 
with an automatic pilot are initiated by 
a co-ordinated control of some sort. 
This control can be used to suspend the 
flux-valve signal for the duration of the 
turn. The gyroscope therefore becomes a 
free directional gyroscope with no con- 
straint and will accumulate for the dura- 
tion of the turn only a very negligible 
error because of its random wandering. 
At the resumption of straight and level 
flight, flux-valve control is automatically 
applied, and the gyroscope is again under 
the gentle influence of the flux valve. The 


same effect may be accomplished in a 


Gyrosyn system, independent of the auto- 
matic pilot by having the flux-valve signal 
interrupted by a rate-of-turn relay, such 
as a rate gyroscope. For most practical 


cases, however, the small temporary error 


induced with flux-valve control function- 


ing during the turn is of no importance. 


Accuracy 


In stating the accuracy of the Gyrosyn 


compass as in any other type of remote- 
indicating magnetic compass, the condi- 


tions first must be fully defined. With 
variation of plus or minus 40 cycles in 
supply frequency and a corresponding 
change in voltage, both alternating and 
direct, and field strength change from 


0.04 to 0.40 oersted, and the maximum 


error of definition is plus or minus 11/, 


Figure 4. Flux-valve element 


degrees from the magnetic meridian to 
the gyro indicator. Higher accuracy 
could be obtained but is hardly justified 
in view of the limitations of the earth’s 
magnetic field. However, when electric 
generators and power supplies are im- 
proved to be more constant in voltage, 
frequency, wave form, and so forth, 
these performance figures will automati- 
cally be further improved. 
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Figure 5. Schematic diagram of flux valve, 
‘self-synchronous units, gyroscope, amplifier, 
and precessor 


A—Pendulously mounted flux valve 
B—Signal transformer. 
C—Gyroscope 
D—Anplifier 
- 1—400 cycles 
-2—Excitation 
3—Mounted to wing structure 
4—Signal pickup coils 
5—Rotor coupled to gyroscope 
6—Hporizontal axis 
7—Gyro rotation 
8—Connecting cable. 
9—Precessing coil 
10—Vertical axis ~ 
11—Input: 800 cycles 
_12—Output: reversing-polarity direct current 


Compensation 


Primarily the size of the flux valve 
lends itself to mounting in very small re- 
cesses anywhere in the skin of the air- 
plane. Therefore, in a number of types of 
airplanes, a location sufficiently remote 
from magnetic disturbances is available 
such that compensation is not required. 
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This has been the experience with several 


. standard types of airplanes, in which ex- 


perimental Gyrosyn compass installations 
had been made. However, there may be 
some applications in which local deviations 


are obtained in every possible location of : 
In these cases compensa- . 


the flux valve. 
tion must be resorted to.. Conventional 
permanent-magnet compensators are 


available and add only afraction of aninch ~ 


to the over-all dimensions of the flux valve. 


‘Because the flux valve naturally will be 


located in a fairly inaccessible part of the 


craft, compensation by manual adjust- 


ment at that point may be impractical. 
It is possible to make available means 


for overcoming this difficulty. This is a 


method of applying compensation to the 
magnetic field by remote adjustment. 
A compensator consists of electromagnets 
distributed properly around the flux 
valve. The current in these coils is con- 
trolled by rheostats located conveniently 
in the cockpit or cabin. The compass 
may be swung either on the ground or in 


the air and compensated in a straight- 


forward manner by adjustment of the 
potentiometers. This system is shown 
schematically in Figure 6. In cases where 
electric circuits are in close proximity 
to the valve, these circuits may be linked 
with the compensation circuit in such a 
way that full correction is obtained 
either ‘‘on”’ or “‘off,”’ 
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Figure 6. Compen- 

sation schematic 
diagram 
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Polar Navigation | ‘on ~ 


The Gyrosyn compass obtains reliab! 
operation in horizontal-field _ streng hs 
greater than 0.04 oersted. However, in 
regions near magnetic poles, _this field 
strength fades to the vanishing point. 
In the same region, directional indications 
obtained from the earth’s field are un- 
reliable and difficult to interpret, because 
of rapid changes in variation. The se 
rapid changes make it necessary to obtain 
impossibly accurate position data to de- 
termine the correct local variations. 
This loss in magnetic directional infor- 
mation is not particularly serious to the 
Gyrosyn compass, since the flux-valve 
control may be turned off, leaving the 
directional gyroscope as a free gyroscope. 
Therefore, headings can be substantially 
maintained for hours or more of flight 
until reliable magnetic information again® 
can be obtained through the earth’s mag- " 
netic field. The flux-valve control of the 
gyroscope will be turned on and naviga- 
tion resumed in a normal manner. [ 
summing up the characteristics of the 
Gyrosyn compass in operation over 
widely varying field strengths, it is indi- 
cated that operation without adjustment 
is obtainable down to the region where 


ng 


magnetic indications become totally un- 
reliable. Then, the precessing control of — 


the gyroscope is suspended and a free navi- 
gational directional gyroscope remains. 


Conclusions \ 


q 
The directional: gyroscope has served 
many years usefully as an aitcraft in- 
strument. It has well-known short- 
comings, but it fills a tremendously im- 
portant place in the field of navigation. — 
Its days of functioning as a free gyro-— 
scope subject to random wandering, how- 
ever, are numbered. From now on, the 
directional gyroscope is going to be con- 
tinuously controlled, and the direction- 
indicating instrument will require no 
more attention and manipulation from 
the pilot than the attitude-indication in- 
strument, namely, the artificial horizon, 
has for a number of years. It is believed 
that the system described herein con- 
tributes a fair share in bringing about © 
this change. No development of. this 
sort can be said to be successful until it 
is received with approval by the armed 
services, airplane builders, and com- 
mercial operators, and most important, 
by the pilots themselves. The require- 
ments for remote-indicating compasses 
that have been stated are an interpreta- 
tion of the composite demand from all of 
these groups. It is believed, therefore, 
that in adhering to this set of require- 
ments a satisfactory directional indicator 
is produced. 
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‘Electric Automatic Pilots for Aircraft 
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UTOMATIC pilots have been in use 
for many years in both commercial 
nd military aircraft and are well suited 
o normal airplane control. Their great- 
st usefulness is in maintaining heading 
nd attitude over long periods of time, 
vith consequent reduction in strain on 
he human pilot. 
Recently, however, with the develop- 
nent of bombardment tactics, the need 
or precise control has become more im- 


portant. The functions of an auto-: 


natic pilot for these applications are such 
hat the maintenance of course, attitude, 
Ititude, and trim are at times of para- 
nount importance. It is necessary that 
he airplane, through the medium of the 
utomatic pilot, respond quickly to turns 
s called for by the bombardier. Further- 
nore, it is desirable that the performance 
leteriorate as little as possible when the 
irplane is subjected to the disturbing 


ction of turbulent air. This paper dis- _ 


usses the problems associated with such 
ontrol and describes some of the fea- 
ures of a recent design. 


\ttitude Control 


The minimum requirement of any au- 
omatic pilot is the angular stabilization 
f the airplane about three mutually per- 
endicular axes passing through the air- 
lane’s center of gravity and angularly 
xed with respect to the surface of the 
arth. Motions about these axes are de- 
cribed as roll, pitch, and yaw. Rolling 
; rotation about the fore and aft, or lon- 
itudinal axis; pitching is rotation about 
he transverse, or lateral axis; yawing is 
otation about the vertical, or directional 
xis. These motions are illustrated in 
igure 1. Under certain conditions, the 
roblem of simultaneous control about 
n airplane’s three rotational axes can 
e reduced to three independent control 
ystems. Each control system is then 
imilar, and discussion will in general be 
onfined to one axis. 

Control of an airplane, manual or au- 
ymatic, is accomplished through the de- 
ection, or angular rotation of the air- 
lane’s control surfaces about the surface 
inge line. Rotation of a control surface 
, in effect, a change in angle of attack 


he 
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of the surface and gives rise to an aero- 
dynamic force normal to the surface. 
The control surface forces, in turn, cre- 


ate control moments about axes through 


the center of gravity of the airplane. 
The angular acceleration caused by a 
control moment continues until the re- 
sulting damping and stability moments 
are equal to the control moment. -The 
angular rotation tends to cease when the 
control moment is equal to the static 
stability moment. A given control 


moment therefore is opposed by an inertia - 


moment, a damping moment, and a 
static stability or spring moment. The 
magnitude of these moments varies con- 
siderably between axes and for different 
flight conditions. If control moment is 
maintained until appreciable changes in 
flight path occur other moments are 


PITCH 


Figure 1. Schematic drawing of airplane show- 
ing its three translational axes and the three 
angular degrees of freedom 


generated which, however, may be dis- 
regarded here. 

For short-period motion, the applica- 
tion of pitching-control moment and the 
resulting rotation about the transverse 
axis may be expressed as 


M,=16+C6+Ko (1) 
where 


M,=applied control moment about the 
transverse axis 
I=moment of inertia of the airplane 
about the transverse axis 
C=damping coefficient, or damping mo- 
ment per unit rate of pitch 
K=stability coefficient, or restoring mo- 
ment per unit angle of pitch 
@=angular displacement in pitch 


The foregoing equation is subject to 
several restrictions, It is approximately 
correct for small angles of pitch and de- 
scribes the angular motion only for a short 
time after control moment is applied. 
The static longitudinal stability, actually 
a function of change in angle of attack, is 
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assumed to depend on the angle of pitch. 
It is further assumed that the coefficients 
C and K are constant for a particular 
condition of flight. 

For automatic stabilization, the con- 
trol moment becomes a restoring mo- 
ment, M,, and is made a function of the 
angular error, 6, between the airplane at- 
titude and a gyroscopic reference axis. 
The restoring moment applied by the au- 
tomatic pilot then acts to reduce the error 
to zero in a manner determined by the 
combined characteristics of airplane and 
automatic pilot. Assume that the air- 
plane is coerced from its equilibrium po- 
sition and then released. It is then acted 
upon by the restoring and the static sta- 
bility moments such that 


M,=f(6) 
and 
—f()—Ko=16+C6 (2) 


If the restoring moment is proportional 
to the error alone, as in many automatic — 
controls, 


M,=f(0) =K'e 
and 
—(K+K')@=16+ C6 (3) 


The static restoring moment, K’@, sup- 
plied by the automatic pilot, acts to in- 


automatic pilot controlling the airplane in roll 


A—Roll angle 
Airplane deviates in roll 
B—Vertical gyroscope—horizontal gimbal 
ring and roll pick-off measure roll angle 

C—Anmplifier rack—roll signal is amplified 

and derivatives are taken 
D—Servo unit deflects ailerons 
E—Airplane returns to level flight 


‘ 


TRANSACTIONS 861 


|_| CORE FASTENED TO 
[| AIRPLANE 


¥, 
OUTPUT” 


hea) 
| | 
Paley 
Ee 
ee ee] 
an 
LY 
|_| 
BA 


ISPLACEMENT —_|_| 


iw) 


Figure 3. Schematic diagram of signal pick-off 
and its voltage—angle characteristic 


crease the static longitudinal stability, 
K@. Where ‘“‘tight’’ control is necessary, 
the stability furnished by the automatic 
pilot must be several times larger than 
the inherent stability of the airplane. 
Control which is proportional to the dis- 
placement error alone is known as error 
control. 
When K’ is sufficiently large, and 


C<2V (K+K"\I 


the angular motion is a damped oscilla- 
tion and undamped natural frequency is 


fan EEE) 

"Or 
: wh 

Reasonably large values of static re- 
storing moment are desirable for several 

reasons. The roll and yaw axes of an 
- airplane are mutually dependent; that is, 
there exists appreciable rolling moment 
due to yaw and rate of yaw, and yaw- 


ing moment due to rate of roll and side- 


slip. The two axés may be considered in- 
dependent, both from the standpoint of 
analysis and in the actual case, only if 
each is under tight static and dynamic 
control. 
_ control is provided, there can be little 
rolling moment due to yaw, since there 
can be very little yaw, and there can be 
little yawing moment due to sideslip if 
rolling motion is suppressed. Large val- 
ues of static restoring moment are neces- 


C. First- and second-derivative network 


Figure 4. Derivative-taking networks 
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In other words, if tight rudder’ 
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FREQUENCY —CYCLES PER SECOND 
Figure 5. Phase curves of the network of 
Figure 4C for different values of r; 


The broken curves are measured phase and 
gain for the rate channel of the amplifier 


sary too, when any sustained disturbance 
is encountered, such as an engine failure 


‘in multiengine ships; a sudden sustained 


change in trim, as when a large bomb is 
released; or a long-period air disturb- 
ance, 

Additional damping moment is ob- 
tained by making the restoring moment 
proportional to the time derivative of 
the angular error as well as the error it- 
self, so that 


M,=f(, 6) =K’0+C'6 


and, for the condition of an airplane dis- 
turbed from its equilibrium position by 
external forces and then released, 


—(K+K/)6=I6+(C+C'6 


The return of the airplane to its equilib- 
rium position is critically damped if 
sufficient moment proportional to the 
first time derivative of the angular error 
is available, or 


(CHC) =2°/ (K+K)I 


This type of damping is often called 
error-rate damping. 

The return of the airplane to level at- 
titude after it has been subjected to a 
disturbance must be at least critically 
damped because of the nature of the dis- 
turbances encountered in rough air. 
Disturbing moments, having frequency 
components varying over the range from 
nearly zero to that well beyond the natu- 
ral frequency of the control, may be 
encountered. If the system is not criti- 


PHASE LEAD—DEGREES 
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Figure 6. Over-all amplifier phase and gain 
curves 
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- quency. 


cally damped, air gusts having frequ el 
components near the natural frequ 
of airplane and its automatic control 
force abnormal deviations, and wha 
pears to be continuous oscillation re 
The requirement of large static 
storing moments imposes the necessit 
for rate control. The damping provide 
by rate control limits the angular de 
tions due to air gusts, and makes po 
close automatic control in rough ad 
the airplane is subjected to a sinuso 
gust or disturbing moment, 


Ma=M sin wt ' io ee he 


the resulting maximum deviation is giv: 7 
yc a 
ee 
(CHC)a+ Tut (K+K)] 

A properly proportioned static and rate 
control together with the airplane’ 
inertia will go far to suppress the dev ; 
tions throughout the entire range of dis- 
turbing frequencies. Sy 
For very slow disturbances where @ 
approaches zero, 


es 


a : 
ew ac 3 is 
and, for the condition of critical damping, 


Om — 


Om (w—>0) = 


Om. Se 


rey Nea. a 
8m(o—>) 1+ £) “yt eee , % 


where f, is the undamped natural fre- 
quency. Since the ratio can never ex- 
ceed unity, the deviations are greatest 
for disturbances that approach zero fre- 
The deviations are mainly 
limited by the static restoring moment at 
very low frequencies, by the damping at 
frequencies near the natural frequency, 
and by inertia at high frequencies. a 

The foregoing discussion assumes that 
control moments proportional to the 
angular deviation and rate of deviation 
are applied to the airplane with no time 
lag between their occurrence and the 
correcting moments. The measurement 
of error electrically from a free gyroscope 
is accurate and instantaneous. The 
derivation of rate of error from the origi- 
nal displacement error can be obtained 
electronically with any desired response, 
depending upon the permissible amplifier 
gain. However, some time delay is 
usually present in the process of power 
amplification and movement of the con- 
trol surface, principally because of power 
limitations on the servo unit. Time de. 
lay in the application of control moment 
is important only in relation to the time 
of response required of the airplane. 
Where tight control is essential, time de- 
lay is usually the limiting factor. Error 
control, if applied through a system in- 
volving appreciable time delay, may 
cause continuous oscillation, depending 
upon the damping provided, since the 
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Figure 7. The amplifier rack with removable flight amplifiers 


estoring moment then has a component 
n quadrature (instead of exactly 180 de- 
rrees out of phase) with the airplane’s 
ingular position, and there is some net 
nergy per cycle supplied to the system. 
When rate control is applied through 
ime delay, the control moment actually 
ipplied to the airplane has a component 
ut of phase with the airplane’s angular 
osition. The rate control degenerates 
yartially to error control and the natu- 
al frequency may increase considerably, 
naking the need for rate even greater. 

If most of the time lag from gyroscope 
o control-surface hinge moment is con- 
‘entrated in a single energy-storing sys- 
em, represented electrically by a series 
esistance-capacitance network, or me- 
hanically by a viscous friction-spring 
ystem, it can be shown that the effect 
f such lag can be compensated almost 
ompletely by the addition of an ac- 
eleration or second-derivative signal. 
The voltage at the input to the servo 
init therefore is made proportional to the 
um of displacement error and the first 
nnd second derivatives of the error. 


‘rror Measurement 


Measurement of pitch and roll error 
$ accomplished through the use of in- 
luctive “‘pick-offs’” as shown schemati- 
ally in Figure 3. The primary winding, 
r center leg, is excited with a 400-cycle 
roltage. The secondary windings, or 
uiter legs, are connected in series oppos- 
ng. Angular motion of the airplane with 
espect to the gyroscope varies the cou- 
ling between primary and opposing sec- 
ndary windings, so that the voltage in- 
uuced in one secondary winding increases 
thile the voltage in the other decreases. 
‘he output voltage is linear with angular 
otation and has the phase of the second- 
ry winding with the larger voltage. A 
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curve of pick-off voltage against angular 
rotation is shown in Figure 3. 

This phase-reversing signal pick-off 
may be described alternatively as a car- 
rier-suppressed or balanced modulator, 
where the 400-cycle voltage is the carrier 
and the airplane angular motion is the 
signal, The carrier is resupplied at the 
amplifier in the form of a 400-cycle plate 


voltage to effect ‘‘phase detection” or 


demodulation. 


Derivation of Rate and Acceleration 
Signals 


The input signal to the amplifier is a 
measurement of airplane angular dis- 
placement only. This signal is separated 
into two channels, One channel pro- 


vides a displacement component, and the 
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Figure 8. A-5 automatic-pilot control panel 


other is phase-detected and applied to 
the differentiating network of Figure 4C. 
The voltage ¢,, appearing across resist- 
ance 7, is a measure of the time deriva- 
tive of the demodulated signal voltage é. 
When the single-mesh resistance—capaci- 
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Figure 9. Cutaway view of the servo unit 


tance circuit of Figure 4A is considered in 
more detail, 


€o (6) =Caten 
Tf ey >> én, then 
&o (t) =ec 


and 
- 


A dég 
t= — 
dt 


therefore 
< dé, 
C7 HN SNC, 
dt 


If the airplane were hunting at its natural 
frequency when under automatic control, 
€o(t) =E, sin wat 

and 

de, 

— = WE g COS wpt 


dt 
Also, 


sin (wpf+¢) 


When 7 is small compared to 1/1, 
approaches 90 degrees and 

deo 
Cry =1161Wyn Eg COS Wyt=n1e1 

dt 
Therefore, when the capacitative react- 
ance, X1, at the natural frequency of the 
control system is large compared to n, 
the phase of é, is advanced nearly 90 


TRANSACTIONS 863 


Table I. A-5 Automatic-Pilot Sensitivities 
in the B-24E 
Pounds 
Cable Force 
Control Per Degree 
Axis Surface Of Error 
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degrees ahead of e, A similar phase 
lead is possible with a series resistance 
and shunt inductance, but at these fre- 
quencies the large reactance required for 
effective vacuum-tube operation makes 
the physical size of the inductance pro- 
hibitive. 

If we refer to Figure 4B, by the same 
reasoning ¢é,,, the voltage across re is a 
measure of the second derivative of e,, 
provided the impedance V7.2? + x2? at 
the natural frequency is large compared 
tom. Any desired combination of de,/dt 
and de,*/di? is obtained by shunting C2 
with the resistance r3 as in Figure 4C. 
Phase curves for the network of Figure 
4C and measured phase and gain curves 
_ for the rate channel of the amplifier are 
shown as a function of frequency in Fig- 
ure 5. With 7; short-circuited, the phase 
lead approaches 90 degrees at zero fre- 
quency; and with rs open-circuited the 
phase lead approached 180 degrees at zero 
frequency. Phase and gain curves for the 
entire amplifier are shown in Figure 6. 


Servo Unit 


The amplified displacement and first- 
and second-derivative voltages are im- 


pressed across the input terminals of the 


servo unit, or power unit. The servo unit 
is a self-contained electrohydraulic sys- 
- tem which applies cable force propor- 
tional to amplifier-output voltage. A 
hydraulic-pressure repeat-back is incor- 
porated in the servo unit whereby the 
hydraulic pressure developed in the 
cylinders, acting across a small valve- 

stem area, is matched against the force 


Figure 10. The constant-altitude control 
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' developed by an electromagnetic torque 


motor. For a given voltage applied to 
the torque motor, the servo unit tends to 
maintain constant pressure in the cylin- 
ders, regardless of drum position. The 
servo drum operates at maximum speed 
until the force balance is attained. Since 
for a given amplifier output the servo 


‘unit tends to maintain a proportional 


force output, when no signal voltage is 
applied, it tends to maintain zero force 


output, and the servo drum moves freely 


when subjected to external forces. While 
the servo unit is capable of providing the 
large forces and speeds required, the aver- 
age power drawn from the airplane’s 
power supply is kept at a minimum, be- 
cause pressure is developed only when 
called for by the signal. 


Force Repeat-Back 


The force repeat-back principle of air- 
craft control, as provided by the servo 
unit, merits some discussion as to the rea- 
sons for its use. The aerodynamic force 
acting on a control surface depends upon 
the angular deflection of the surface 
from its neutral or weather-vane position. 
Neglecting the small positive and nega- 
tive damping forces acting on the surface 
because-of its rotation artd rotation of 
the airplane, this force is proportional to 
the surface deflection for small angles. 
If the airplane’s cable-system friction is 
neglected, therefore, the surface force, 
hinge moment, and cable force are pro- 
portional to their respective deflections. 

_ The control-system frictional forces 


normally are kept small in order that the 


human pilot may retain the “feel” of 
the airplane. Satisfactory manual con- 
trol is obtained when the ratio of aerody- 
namic force to friction force is high. 
The principal load on the control cable 
therefore may be considered that of a 
spring. The zero point of the spring, 
however, shifts over a wide range, depend- 
ing upon power, loading, and any unsym- 
metrical conditions which may arise. The 


Figure 11. Cutaway view of the sciaieth gyroscope 7 


i Vie 
spring stiffness is not constant but i 
creases as the square of the air speed. 
given force applied to the control cable 
result in different deflections of the surf 
depending upon the air speed, but will re- 
stilt in a fixed control moment independ- 
ent of air speed. When the servo 
ber of the automatic pilot is made to 
ert a force on the control cable pro 
tional to error signals, tight control 

be retained throughout a large speedran 


Automatic Trim : 


i lon 

When the center of gravity of an air- 
plane shifts longitudinally, or when the 
propeller thrust or the air speed is 
changed, moments are created about the 
transverse axis which require a steady 
elevator-control-cable force for their com- 
pensation. Constant biasing moments 
such as these are normally furnished by 
the elevator ‘‘trim tab.” By means of 
the tab the elevator is shifted to a new 
angular position, reducing the eleva 
cable force to zero. Since the cont: 
surface position at which zero resultant 
control moment occurs is variable, it is 
convenient that the servo force be inde- 
pendent of servo position. 7 

Automatic operation of the trim t: 
in a manner to maintain the average 
servo-force zero is provided only in the 
elevator system, where frequent chan 
in trim occur. The trim-tab control 
sponds to the average elevator se 
force, and hence to the average pi 
error, 6. The restoring moment provided 
by the trim-tab control is approximately 
proportional to the time integral of the 
pitch error. The total restoring moment 
about the transverse axis is then 


M,= JS 6dt+K'+C'6 = 


os 

rh 

ry 
tes 


Control of Altitude and Course 


When constant altitude is required, 
the pitch attitude, and hence approxi- 
mately the rate of climb or descent of the 
airplane, is varied according to the alti- 
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‘igure 12. Cutaway view of the vertical gyro- 
. scope 


HC 


i Sew 
i The Ss. 
| NN 
rl OL 
Prk ee 
See ewes 


m 
Zz 
J 


C 
WANS 
EERIE 


if 
2 
y 
y 


‘igure 14. Recordings of transient flight con- — 


ditions in the B-24E 


Altitude 6,500 feet; indicated air speed 175 
miles per hour 


ude error. Since the natural frequency 
f the airplane position about an altitude 
eference is low compared to the natural 
requency of the pitch control, very close 
ontrol of altitude is possible by using 
nly altitude error signals. Normal sen- 
itivity of the altitude control is one de- 
ree of pitch change per 20 feet of alti- 
ude error. The altitude reference is'a 
arometric element, and changes in static 
ressure are caused to modulate an al- 
ernating voltage in a way similar to that 
lready described. This altitude-error 
ignal voltage biases the pitch signal to 
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Figure 13 (right). 
The turn control 


provide the required changes in pitch at- 
titude. Figure 10 shows a cutaway draw- 
ing of the altitude control. 

The airplane is maintained on course 
by setting in heading changes according 


. to departures from some reference on the 


ground. Heading changes may be very 
small or may consist of turns of more than 
360 degrees. For this reason, heading 


etrors are measured by a synchronous 
signal transformer, the stator of which is 


driven from the vertical ring of the azi- 
muth gyroscope. The stator windings of 


- this signal transformer are connected to 


the stator of an identical unit in the turn 
control, the rotor winding of which pro- 
vides the heading-error signal. Either 
rotor may be rotated to shift the azimuth 
index, thereby effecting a change in head- 
ing. The airplane is automatically 


- banked by shifting the roll index an 


amount corresponding to the rate of 
change of heading or rate of turn. The 
airplane responds quickly to a change in 
azimuth index, for the control moment 
provided by the rudder is proportional 
both to the amount of index change and to 
the rate of index change. 


Performance 


The performance of the automatic 
pilot is best indicated by giving static 
sensitivities in cable pull per degree of 
airplane deviation, and reproducing rec- 
ords of transient flight conditions. A 
table of sensitivities for a typical installa- 
tion in a B-24E “Liberator” is given in 
Table I. ° 

The flight records are measurements of 
attitude error and control-surface posi- 
tion in their correct time relationship. 
The ‘“‘flight recorder,” in measuring at- 
titude, has a dynamic error of less than 
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one tenth of one degree under these con- 
ditions of operation. Surface position is 
recorded by direct mechanical connection © 
to the cable system. 

A transient is put into the system by 
manually overpowering the automatic 
pilot, holding this condition until con- 
siderable attitude error is established, 
and suddenly removing the manual effort. 
Typical transients are shown in Figure 14. 
In each case there is a relatively long pe- 
riod of approximately constant control- 
surface deflection while the error is in- 
creasing. At the end of this period, the 
system is freed and the error becomes 
zero in a relatively short time. In each — 
case the airplane returns to its original 
attitude in an approximately critically 
damped fashion. The records show that 
the damping supplied by the automatic 
pilot is greatest in yaw, a fact which 
should be expected since the airplane has 
its greatest inertia and least damping 
around its vertical axis. 


Conclusions 


An airplane may be stabilized accu- 
rately about its three rotational axes, pro- 
vided proper error and error-derivative 
measurements are utilized. High static 
restoring moments are applied by the au-_ 
tomatic pilot with sufficient derivative 
control to provide approximately critical — 
damping. The static resorting and damp- 
ing moments supplied by the automatic 
pilot, together with the airplane’s inertia, 
effectively suppress the deviations over 
the full range of disturbing frequencies 
due to rough air. The force repeat-back 
system permits tight control over a wide 
range of air speeds and provides a con- 
venient method of automatically main- 
taining elevator trim. 
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Solenoid-Operated Hydraulic Wales 
for Aircraft Applications © 
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has been a definite trend by some 
aircraft manufacturers to eliminate hy- 
draulic controls from combat airplanes. 
The vulnerability of hydraulic systems 
used on airplanes manufactured during 
this period and to a certain extent today 


are big factors in promoting this trend.. 


Space requirements in the cockpit of an 
airplane to mount control valves and 
accommodate necessary piping to these 
valves, difficulty with packings at ex- 


tremely cold temperatures, and the lack 


of flexibility of the control system are 
other factors that contributed to the 
aforementioned trend. 

The changeover, however, has been 
slow because hydraulically operated con- 
trols have a number of advantages over 
other types in applications where con- 
siderable work must be done during a 
short period of time. 

’ As soon as the shortcomings of the 
standard hydraulic systems relative to 
combat airplanes became apparent, con- 
siderable effort was applied to overcome 
them. Improved packings for low-tem- 
perature operation, hydraulic fuses that 
isolate any portion of a hydraulic system 
that has a ruptured hydraulic line, and 
‘lightweight solenoid-operated control 
valves, the advantages and description 
of operation of which will be given in de- 
tail later, are all recent developments 
that should bring about further considera- 
tion of hydraulic controls in applications 


Paper 44-182, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted May 5, 1944; made available for printing 
June 22, 1944, 


Grorce A. Gorprricu is in the Bendix products 
division, Bendix Aviation Corporation, South 
Bend, Ind. 


URING the past several years there 


in which considerable power is required. 
Some of the major advantages of 
solenoid-operated valves are as follows: 


1. Manually operated valves require either 
a rotary or reciprocating shaft for plunger 
or poppet actuation; therefore, seals are 
required at the point at which the shaft 
protrudes from the valve proper. Forces to 
move poppets or plungers in most solenoid- 
operated valve designs are transmitted 
into the valve without any mechanical 
linkage from outside the valve proper; 
therefore, all except static seals are elimi- 
nated. Although considerable work has 
been done on hydraulic seats in recent years 


they still present a troublesome service . 


problem because of deterioration and wear. 


2. Manually controlled valves must be 
accessible; therefore, they are mounted at 
the control point, such as the cockpit of an 
airplane. A visual inspection of the control 
panel of an airplane will show a maze of 
dials, buttons, and levers on the front side of 


the panel, and an even greater maze of wires. 


and hydraulic piping at the rear. A sole- 
noid-operated valve may be actuated by a 
simple switch on the control panel and may 
be placed in a position that permits short 
hydraulic line lengths. The total weight 
and vulnerability of the system consequently 
are greatly reduced. 


8. Since solenoid-operated valves are elec- 
trically controlled, they lend themselves to 
semiautomatic and automatic operation. 
This feature is of particular importance in 
combat airplanes where automatic opera- 
tions will relieve the pilot of at least some 
mental and physical effort. Automatic 
operations in which solenoid-operated valves 
are used are now under test by the Army 
Air Forces. 


Although solenoid-operated valves have 


been used rather extensively in manu- 


facturing processes and machinery, they 
are comparatively new in aircraft applica- 
tions. The application of solenoid-oper- 


When a satisfactory method of angular 
control is established, the control of al- 
titude and course according to any de- 
sired reference is readily attained. — 
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ated valves to aircraft presented ma 
new problems that were not present in 
previous applications. Some of these 
problems and means used to overcome 
them are as follows: 


1, Plungers on plunger-type valves may be 
pressure balanced, so that they can be 
moved relatively easy, but these valves are 
difficult to make with leakage rates low 
enough to be acceptable to the aircraft 


type valve also increases with usage as the 
plunger and valve body wear, even if it is — 
hand fitted or lapped to give a low rate of 
leakage initially. Poppet valves eliminat 
the leakage objection; however, if the 
poppets are large enough to permit satis- 
factory flow at permitted pressure drops, 
the forces required to unseat the poppets at 
pressures now used in aircraft are so high ~ 
that a solenoid designed for this purpose 
would be too large to be practical for air- 
craft usage. A 


2. To bring the forces required to operate 
poppet valves within reasonable limits, 
pilot valves are used. Pilot valves are also — 
poppet valves, but port areas of these valves — 
are comparatively small, so that hydraulic 
forces tending to hold them closed can be ~ 
overcome readily by a solenoid of reasonable 
size. Opening of the pilot valve initiates 
movement of the main poppet by causing a 
pressure differential on its opposite ends. 
A detailed description of this action will be 
given later. " 
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Figure 1. Solenoid-operated normally closed _ 
two-way hydraulic valve 


A valve of this type weighing approximately | 
one pound will function continuously at pres- 
sures as high as 2,000 pounds per square inch. 
The solenoid will draw one ampere at 24 
volts. At a flow of five gallons of AN-VV- 
©-366b fluid per minute the pressure drop 


will be 20 pounds per square inch : 


; . 
ELECTRICAL BNoNHERG 


3. The development of hydraulic oils with 
comparatively flat viscosity curves also has 
promoted the use of pilot-operated valves. 
Pilot operation of valves depends on pres- 
sure differentials brought about by opening 
at least one orifice to permit escape of fluid in 
sufficient quantities to cause a pressure drop. 
The chamber fsom which escape of fluid is 
permitted is also supplied fluid through a 
small fixed orifice and clearance around 
the poppet. As temperatures decrease the 
oils become more viscous, thereby affecting 
the flow of fluids through the orifices and 
clearances, which in turn affects the differ- 
ential in pressure used to move the main 
poppet. However, if the viscosity can be 
kept within reasonable limits the tempera- 
ture range in which the valve will function 
satisfactorily is adequate. 


A solenoid-operated hydraulic valve 

- design that has proved quite satisfactory 

is shown in Figure 1. This design is a 

‘pilot-operated poppet type. With refer- 

ence to Figure 1, this valve functions as 
follows: 

We will assume that the valve is closed 
with fluid under pressure in fluid chamber 
A. Fluid in the space above the main 
‘poppet, pilot poppet, and armature also 
will be under pressure, since this space is 
open to chamber A through the orifice 
in the main poppet and clearance around 
the pilot poppet and armature. In the 
valve shown, the main poppet requires a 
tractive effort of approximately 120 
pounds to unseat it at 1,500 pounds per 
square inch pressure, whereas, the pilot 
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"Figure 2. Solenoid-operated normally open 
two-way hydraulic valve 


The size, weight, and functional character- 

istics of this valve are the same as those de- 

scribed for the valve shown in Figure 1, except 

that the maximum opening pressure is Pie 
pounds per square inch 
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energized position. 


SUPPLY 
TANK 

ACCUMU- 

LATOR 


(A) 


Figure 3. Control circuit for a normally open 
solenoid-operated valve used as a pressure 
regulator 


A. Solenoid-operated valve in normal posi- 
tion. Pump by-passing fluid at no pressure 


B. Solenoid-operated valve in energized 
position. Pump-filling accumulator 


_ poppet requires a tractive effort of only 


three pounds to unseat it at this same 
pressure. 

When the coil is energized the arma- 
ture will move along the brass stem 
away from the brass washer at the bot- 
tom toward the core. During movement 


_ of the armature, spring B is compressed. 


At a point where the air gap between the 
armature and the core is slight, the arma- 
ture strikes an annular shoulder on the 
brass stem attached to the pilot poppet 
and unseats it. Unseating of the pilot 
poppet permits escape of fluid from the 
space above the main poppet. Although 
a small amount of fluid flows into the 
space above the main poppet through the 
orifice shown, the pressure drop in this 
space will be sufficient, so that the high 
pressure on the area below the main 
poppet will move it upward. The arma- 
ture then will be in direct contact with 
the solenoid core. Spring B which was 


compressed during initial movement of 


the armature, then will move the brass 
stem attached to the pilot poppet up- 
ward. The pilot poppet which is at- 
tached to the main poppet by means of a 
pin that permits approximately 0.040 
movement between them picks up the 
main poppet and opens it wide. Spring 
C is comparatively light, and. spring B 
must be stronger than spring D so as to 
permit full opening of the main poppet. 


The total time required for opening this 


valve is less than one-tenth second at 
normal temperatures. 

When the coil is de-energized spring D 
will seat the large poppet and spring Cc 
will seat the pilot poppet. 

Figure 2 shows a valve of similar de- 
sign except that it is open in the un- 
When the coil is 
energized the armature moves downward, 
compressing spring F. As the armature 


_ moves downward it seats both the pilot 


poppet and main poppet. When both 
poppets are seated there is a gap between 


the armature and the head of the brass* 


stem on which the armature slides. When 
the coil circuit is opened spring F moves 


Goepfrich—Solenoid-Operated Hydraulic Valves 


‘cockpit; 
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TANK 


ACCUMU- 
LATOR 


Pp] PRESSURE 
SWITCH 


(8) 


the armature upward. The force of spring 
F and the impact force of the armature 
then will open the pilot valve. The maxi- 
mum opening pressure of this valve is 
dependent on spring F. Sequence of 
operations to open the valve fully from 
this point are the same’as those described 
for the normally closed unit. 

The impact feature built into these 
valves adds approximately 30 per cent 


to the maximum pressures at which these 


valves open. 


Various combinations of two-, three- 


. and four-way valves with ports normally 


open, normally closed, or a combination 


of normally open and normally closed can ~ 
be manufactured to fit any particular 


application. 

Some typical circuits that may be used 
to control the operation of these valves are 
shown in Figures 3 and 4. 

Figure 3 shows a normally open sole- 
noid-operated valve, same as that shown 
in Figure 2, used in conjunction with a 
pressure switch to regulate the flow of 
fluid to a hydraulic accumulator. A snap- 
action switch with a slight range of travel 
between the “‘off’”’ and “‘on”’ position, for 
instance, might keep the accumulator 
charged -to a pressure of from 800 to 


1,000 pounds per square inch. Pressure © 


switches of this type are now available. 


Figure 4 is a schematic drawing show- 
ing a three-way valve with a normally 
closed pressure poppet and a normally 
open exhaust poppet used to charge auto- 
matically a gun of the 0.50-caliber M-2 
Browning type. This system will auto- 
matically charge a gun, when it fails to 
fire, if.the trigger switch is depressed. It 
also provides means to “‘safety”’ the gun, 
that is, hold the bolt in the retracted 
position so that it cannot be fired. 

The hydraulic system, with the ex- 
ception of the three-way valve, is common 
to all airplanes that have hydraulic 
systems. The trigger switch, firing sole- 
noid, and firing relay are common to all 
airplanes having an electrical firing con- 
trol. 

Three relays and an electrolytic con- 


denser are required in the control box. ' 


One control box is required per gun. A 
normally open switch, that is, actuated 
by the gun bolt, is mounted on a hydraulic 
actuating cylinder mounted on the gun. 
Any number of guns may be con- 
trolled from one common switch in the 
however, a control box, hy- 
draulic actuating cylinder, gun switch, 
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Figure 4. Control circuit for a fully automatic 
gun-charging system plus means to “safety” 
guns 


and three-way valve are required for 
each gun: 

When the control switch is placed in 
the “combat” position the time-delay re- 
lay is energized by a closed circuit through 
the control switch and the normally closed 
contacts of the compound relay. The 
normally open set of contacts that con- 
trols the locking relay coil therefore is 
closed, the locking relay coil energized, 
and its normally open sets of contacts 
closed. The only purpose of the locking 
relay is to prevent a partial charging cycle 
when the combat switch is closed initially. 
From this point on the locking relay will 
be energized until the setting of the con- 


trol switch is changed. The two sets of. 


normally closed contacts of the time- 
delay relay that control the coil circuits 
of the valve are then open. The system 
will stay in this condition until the firing 
switch is closed. 

When the trigger switch is closed, coil 


number 2 of the compound relay is en- 
-ergized, thereby opening its contacts and — 


. breaking the circuit to the time-delay re- 


lay coil. The normally closed contacts of 
the time-delay relay will not close im- 
mediately because of the condenser across 
its coil. If the gun then fires, the charger 
stud will actuate the gun switch once per 
round fired, thereby maintaining the time- 
delay relay in the energized state with 
current impulses. If the gun fails to fire 
after a predetermined time interval, the 
two pairs of normally closed contacts of 
the time-delay relay will be closed and 
both coils of the valve energized. The 
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exhaust port of the valve then will be 


- closed and the pressure port open. Fluid — 


under pressure is then free to flow into 
the actuating cylinder which retracts the 
bolt to its fully recoiled position. In the 
latter position the gun switch will be made, 
thereby closing the circuit to the time- 
delay relay which opens the circuits to the 
solenoid coils of the valve, which again 


Figure 5. Solenoid-operated four-way hy- 
draulic valve commonly used to control a 
double-acting cylinder 


Weight—41/. pounds. Will handle flows 
up to six gallons per minute at a maximum 
pressure drop of 35 pounds per square inch 


assumes its normal position and permits 
the fluid in the actuating cylinder to re- 
turn to the supply tank. A quick release 


mechanism on the charging cylinder holds 


the gun bolt in the recoiled position and 
keeps the gun-switch circuit closed until 
fluid in the actuating cylinder is very 
nearly exhausted. If the gun does not 
fire again in the predetermined time after 
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’ still closed. 


‘break the circuit to the coil that controls 


electrically controlled by means of sole- 


completion of a . charging cotien ro) 
tion will be repeated if the firing cirer 

Relay-coil number 1 of the compour cl 
relay assures completion of any charging g 
cycle that is initiated, irrespective of the © 
condition of the firing trigger. This coil 
is hooked into the coil circuit that con- 
trols the high-pressure poppet: and can | 
be opened. only when the gun switch is 
made at the end of the actuating-cylinder 
travel. 

When the control switch i is placed in 
the ‘‘safe’’ position, the locking relay i is 
immediately energized, and, since the 
contacts at the time-delay relay are 
closed, the coil that controls the high- : 
pressure poppet will be energized to un-_ 
seat it and permit fluid under pressure to 
flow into the actuating cylinder. The 
circuit to the coil that controls the ex- 
haust poppet is closed maha as the con- - 
trol switch is put into the “ e” position 
and, therefore, will remain seated as long 
as the switch is in this condition. As the 
actuating cylinder retracts the gun bolt, 
it will make the gun switch at very near 
the end of its travel. Closing of the gun 
switch will energize the time-delay relay 
coil, the contacts of which will open and 


the high-pressure poppet which will the 1 
seat. 

Since the coil that controls the exhaust 
poppet remains closed as long as the con-— 
trol switch is in the safe position, the gun 
bolt will be held retracted during this 
same period. When the switchis put into 
the neutral or ‘‘off’’ position, the exhaust 
poppet will be unseated and permit fluid 
trapped in the cylinder to | to the 
supply tank. 

The aforementioned control circuits 
have been cited to show the flexibility of 
controls in which hydraulic power is 


noid valves. Other types of control cir- 
cuits that permit positioning of an 
actuating cylinder in an infinite number 
of positions without hydraulic lines lead- 
ing to the control ‘point also have been 
developed. } 

In conclusion, a combination hydraulic — 
and electrical control may offer better 
possibilities than either one used alone. 
For instance, the automatic gun charging 
unit shown in Figure 4 would be a prac- 
tical impossibility with a wholly hydraulic 
control, and a wholly electrical control 
would probably be heavier and more com- 
plex to attain the same functional char- 
acteristics obtained by the combination. 
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The Scientific Basis for the New British 
System of Cockpit Lighting 
EDWARD S. CALVERT 
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Synopsis: 
ultraviolet for the illumination of the instru- 
ment markings and red floodlighting for the 
general illumination of the cockpit. The 
scientific basis for this system, which is 
known as the dual system of cockpit light- 
ing, is discussed, and some details of the 
fittings are given. Particular emphasis is 
laid on the layout of the cockpit, correct 
layout being regarded as the most important 
single factor for the success of the whole 
system. 


Tn order to operate an aircraft at night, 
and particularly a military aircraft, with 
the maximum comfort, safety, and 
efficiency, the pilot must be able to read 
his instruments at a glance, but the 
method used to render the instrument 
markings legible must not be such as to 
reduce appreciably his ability to see ob- 
jects outside the aircraft. Anyone who 


has tried to look out of a lighted room at 


night knows that the brightness level 
inside the room must be low if anything 
much is to be seen outside. This was 
realized from the beginning of cockpit 
lighting, and the markings on the instru- 


ments until recently have been self-lumi- - 


nous and could be read, although with 
some difficulty, without any lighting at 


all. However, as controls, switches, radio » 


equipment, messages, maps, and so forth 
also must be observed or read at times, 
it has in the past been the custom to in- 
stall a system of general lighting, usually 
white, for use when required, these lights 
being eontrolled by means of dimmers. 
Had the right color been chosen for the 
self-luminous paint and for the lighting, 
and had cockpits been laid out so as to 
make it possible to put the lights in rea- 
sonable positions for good illumination, 


then, operationally this system would > 


have,been satisfactory. It is, however, 
the fact that the wrong enlos; that is, 


Paper 44-212, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif,, August 29-September 1, 1944. Manuscript 
submitted August 1, 1944; made available for 
printing August’7, 1944. 


Epwarp S. Catvert is in the electrical engineering 
department of the Royal Aircraft Establishment, 
Farnborough, Hampshire, England. 
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The new British system uses” 


green, was chosen for the self-luminous 
paint, and that the right color, that is, 
red, was not always chosen for the light- 
ing. Also, until night fighting forced 
attention to the problem the lighting was 
not considered to be important enough 
to be taken into account in the initial 
layout of the cockpit, with the result that 
some types of aircraft were built with 
cockpits which, without extensive struc- 
tural alterations, could not be illumi- 
nated adequately by ope method what- 
soever. 

It is the object of thins paper to show 
from the properties of the dark-adapted 
eye what the colors of the markings and 
of the cockpit illuminant should be, and 
also to indicate the few simple precautions 
which have to be taken in the layout of 
the cockpit and the positioning of the 
lamps to insure good results. The layout 
of the cockpit is considered to be by far 
the most important single factor in cock- 
pit lighting, but for convenience the color 
of the markings will be considered first. 


Color of Markings 


It is common knowledge that the ordi- 
nary green self-luminous markings can- 
not be focussed sharply by the normal 
dark-adapted eye at the distances at 


which these markings are observed, that. 


is, about 18 inches or more. ‘If the color 
is changed to orange without altering the 
brightness of either the markings or their 
background, it will be found that the 
markings stand ottt with a distinctness 


_ most. surprising to those who for years 


have put up with the ordinary “fuzzy” 
green markings. Unfortunately orange 
self-luminous compounds of sufficient 
brightness have not been available until 
quite recently, and little is known as yet 
of their durability in service. Red self- 
luminous compounds of sufficient bright- 
ness are not available at the present time, 
and there are reasons for believing: that 
they never will be. 

Important as distinctness of markings 
undoubtedly is, there is still a stronger 
reason for changing from green to red or 
orange. In the dark-adapted eye the 
ratio of parafoveal to foveal sensitivity 
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decreases from about 500 in the blue and 
200 in the green, to about 10 in the 
yellow-orange and 0.8 inthe red. When 
the pilot is looking out of the cockpit, the 
images of the markings are thrown on 
the parafovea, that is, are seen in the tail 
of the eye, and it is this parafoveal sensi- 
tivity ratio which determines the dis- 
tracting effect of the cockpit lighting. 
In other words, what is wanted are mark- 
ings of such a color that they appear to 
come up bright when the observer looks 


directly at them, but fade out as soon as | 


the observer looks away from them. 


Deep red meets this requirement very 


closely, but even orange-red is a very 
great improvement on blue-green. 

The reduction in the distracting effect 
of the markings is the fundamental reason 


for changing the color from green to 


orange, and for selecting red as the color 
of the general lighting, but there are 
other important reasons: 


(a). As the specular reflectivity of the side- 
screens is of the order of ten per cent, it 


follows that reflections of objects inside the © 


cockpit cannot be seen in the sidescreens 


either foveally or parafoveally if the general — 


illumination of the cockpit is such that the 
brightness of these objects is less than about 
ten times threshold. If white were used, 
these reflections seen parafoveally would ap- 
pear to have a brightness about the same 
as the actual objects seen foveally. 


(b). Because of the relative insensitivity 
of the parafovea to red, there is little or no 
danger of scattered light from the cockpit 


giving away the position of the aircraft to 


an enemy. 


(c). The time taken for the eye to pass 
from the light to the dark-adapted state is 
very considerably shortened if adaptation 
takes place in the presence of weak red light 
instead of in complete darkness. 
adaptation is lost due to the aircraft being 
caught in searchlights or through the use of 


a hand torch in the cockpit, then recovery — 


of dark adaptation is hastened.” 


(d). Recent research indicates that in the 
presence of weak red light the final state of 
dark adaptation is not impaired to an ap- 


preciable degree, and, indeed, may be 


slightly better than in complete darkness. 


As the last of the afore-mentioned rea- 
sons may be questioned, it is worthy of 
note that a similar result was obtained 
quite independently in tests using a typi- 
cal single-seat cockpit fitted with instru- 
ments having yellow painted markings 


and illuminated with weak red light. It — 


was found that after observing these 
markings, representative targets outside 
the cockpit could be picked up in times 
which were about ten per cent shorter 
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‘Tf dark © 


than were obtained in complete darkness. 
This result seems to be explainable only 
on the assumption that the eyes are 
slightly more sensitive in weak red light. 


Layout of Cockpit 


All modern operational aircraft have 


totally enclosed cockpits. The enclosing 


surfaces must be polished in order to be 
transparent, and there is no practicable 
method of preventing these polished sur- 
faces from reflecting whatever objects 
happen to bear the correct geometrical 
relationship with the observer’s eye. It 
follows that reflections can be eliminated 
only by adopting the principle of the re- 
flectionless shop window, that is, by 
arranging that the important surfaces, 
namely, the windscreen and those parts 
of the sidescreens immediately adjacent 


to it, shall reflect some surface of low 


brightness, that is, which is painted mat 
black. This black surface obviously must 
take the form of a coaming underneath 
the windscreen, as shown in Figure 1. 
In new designs such a coaming can be 
incorporated without detriment to the 
general layout, and even in existing types 
‘of British aircraft no case yet has been 
found in which a substantial coaming 
could not be fitted. 

_As regards the positioning of the lamps, 
the chief trouble is to avoid reflections of 
the light source itself in the cover glasses 
of the instruments on the panel. It fol- 
lows from the geometry of the layout 
shown in Figure 1 that the pilot will not 
see images of the light source if the lamps 


_are mounted as high or higher than the 


top of the upper row of instruments, and 
that the correct place to mount the lamps 
is underneath the coaming. The coam- 


ing therefore serves to prevent reflections ~ 
_ both in the windscreen and in the cover 


glasses of the instruments. Where ultra- 
violet radiation is used the coaming has a 
further purpose. 

It is obvious that the whole inside of the 
cockpit should be mat black and that the 
pilot’s clothing, and particularly his 
gloves, also should be black. Instru- 


-ments should not have protruding bezels 
- or knobs which would cut off the light 


from other instruments. Markings 
should be bold, all of one standard size, 


_and should be shaped and proportioned 


to give maximum legibility... Instruments 
with markings smaller than standard, if 
possible, should be grouped nearer the 
lamps than those with the larger mark- 
ings. The instruments at the sides and 


- bottom of the panel should be tilted so 


that neither the pilot’s view of them nor 
the illumination incident on them is un- 
duly oblique. 


Methods of Cockpit Lighting 
If it is assumed that the cockpit will 


be laid out and the lamps mounted as 
described previously, then the simplest 
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solution would be to have the markings: 


in orange self-luminous paint and to use 
red general cockpit lighting capable of 
being dimmed to extinction. It easily 


can be shown that markings which are 


just bright enough to be seen in complete 
darkness are bright enough to be seen on 
moonlit nights and in twilight. In any 
case, the general lighting system, if 
properly installed, can be used to boost 
the brightness of the markings if abnor- 
mal conditions arise, as for instance, when 


‘the aircraft is caught in searchlights. 


This paint is already used in a few 
British instruments, notably the lubber 
lines on the magnetic compass. 

However, even if a satisfactory orange 
self-luminous paint should be forthcom- 
ing, there are objections to it on produc- 
tion and maintenance grounds, and there- 
fore it was decided not to use it in the 
new British system of cockpit lighting. 
Red light on plain white painted markings 
was tried, but it was found that the 
markings appeared flat, owing partly to 


the deep-red color and partly to the fact : 


that the contrast between the markings 
and their background in practice seldom 


WINDSCREEN TOTALLY FREE FROM REFLECTIONS 
_ [WITHIN THIS ANGLE 


COAMING MAT BLACK ON THIS SIDE 


LAMPS FOR GENERAL 
LIGHTING 


DIRECTION OF 
FLIGHT ~ 


+PILOT’S NORMAL 
VIEWPOINT 


he 
115° APPROX 
i 


INSIDE OF COCKPIT 
MAT BLACK 


t 1 
fs eel 
1 


LIMIT OF PILOT’S FIELD OF VIEW 
Figure 1. Antireflection coaming 


Reflected rays and image of coaming in wind- 
screen shown dotted 


exceeds 20 to 1. Also, most existing cock- 


pits contain small miscellaneous objects - 


which are light colored or give small 
specular reflections. For these reasons it 
was decided to use orange fluorescent 
markings and to supplement the red light- 
ing with ultraviolet radiation, thereby ob- 
taining the desired distinctness. This 
combination also permits both red and 
ultraviolet to be used at low intensities, 
thereby reducing troubles from specular 
reflections due to the red, or from eyeball 
fluorescence due to the ultraviolet. Also, 
either system acts as a standby for the 
other in case of lamp failures. This 
whole system is known as the dual system 
and has been adopted as the standard 
method of cockpit lighting for all opera- 
tional types of British aircraft. 

Another method of rendering the in- 


'strument markings legible is to build 


lamps into each instrument, or light them 
from behind the panel as in automobiles. 
Unfortunately aircraft instruments, be- 
ing of all shapes, sizes, and types, do not 
lend themselves well to being lighted in 
this way, and great difficulty is experi- 
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: en, ee Pee ere ee 
enced in securing uniform dimming am 


‘ing light from leaking out round the e 


uniform dial brightness, and in preve: 


of the bezels. These leakages can be 
overcome by the use of ultraviolet in 
some form, but the great disadvantages 
of the method as regards production and 
maintenance still remain, these disad- 
vantages being even more marked in the 
ease of British aircraft which have not 
hitherto had earth return. In any case, 
this method has to be used in conjunction 
with a floodlighting system in order to 
illuminate the large amount of gear which, 
in modern aircraft, lines the sides of the 
cockpit. 7 - i 4 


Fittings i 


The chief requirement for the fittings 
is to keep the size down. The red lamps 
used in the dual system are 2.4 inches 
long by 0.75 inch in diameter and ac- 
commodate a lamp of three watts. Two 
of these under the coaming usually can 
be arranged to flood the whole cockpit 
that is, the instrument panel and the two 
sides. A local light is always required 


_ over the magnetic compass, but, since the 


needle, grid wires, and lubber line aré 
orange self-luminous, this light is only 
used when setting a new course, _ q 

Ultraviolet radiation, if allowed to 
enter the eye,’ produces the effect of a 
blue mist, but in the dual system this is 
prevented partly by the coaming and 
partly by screening the lamps. As only 
a small amount of ultraviolet can be used 
without detriment to vision, the radia- 
tion should be obtained from tungsten) 
filament lamps so as to obviate the diffi- 
culties associated with gaseous-discharge 
tubes, that is, dimming and radio inter- 
ference. In the dual system two seven: 
watt fittings have been found sufficient 
for single-seat cockpits and four for two- 
seat cockpits. abe q 

Since, in the dual system all lights 
would go out if the aircraft electric supply 
failed, one additional orange lamp is 
fitted over the flying instrument panel, 
and is supplied from a separate alkaline 
accumulator. The members of the air 
crew also are issued with hand torches 
which may be fitted with red bulbs. 


Concluding Remarks 


’ The dual system now has been fitted 
to many types of aircraft and tested by 
many pilots, and in no case has any 
report adverse in principle been made. — 
So many conflicting requirements have 
to be met in the layout of a cockpit that 
an entirely happy solution to the light 
mg problem is not always possible, but 
there is no doubt that the aforementioned 
principles, if borne in mind in the early 
Stages of the design and applied with 
ordinary ingenuity, will lead to reason- 
ably satisfactory installations. — 
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Considerations in Servomechanism Design 


S. W. HERWALD 
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Synopsis: A servomechanism is in general 
any closed-cycle regulated system that is 
controlled by a difference of quantities. In 
this paper, methods are outlined by means 
of which the steady-state and transient 
performance of servomechanisms can be cal- 
culated. A general solution in operational 
form is given, and specific solutions are 
derived for a number of different types of 
angular-position servomechanisms. Among 
these is the solution for the Ward-Leonard 
type of control with RC antihunt feedback. 
This is probably the most common tyre of 
angular-position control. 


@ERVOMECHANISMS include many 

familiar regulator systems. ©The 
simple float valve controlling water level 
in a tank and the voltage regulator in 
teality are servomechanisms. The war 
has brought about many important new 
applications including: holding airplanes 
and. ships on predetermined - courses; 
stabilizing and rotating guns; producing 
exact duplicates of intricate patterns 
and dies; indicating flap or landing-gear 
position; and a multitude of others. 
Probably the most common servomecha- 
nism system is that which matches the 
position of a high-torque shaft to that of 
a low-torque shaft. 
ferred to as an angular-position servo- 
mechanism.’ By means of this servo- 
mechanism the high power required to 
operate a gun turret can be controlled so 
that the gun accurately matches the posi- 
tion of a low-power hand-operated sight. 
Whether the operating power js electric, 


hydraulic, or a combination of these or 


other types of power, the analysis to fol- 

low provides a basis for obtaining servo- 

mechanism performance in terms of basic 
design parameters. ; 


Definition of a Servomechanism 


In Figure 1, the nature of the com-. 


ponent parts involved in a servomecha- 
nism and the meaning of the term closed- 
eycle are clearly illustrated. The three 


fundamental parts are the error measurer, 


the controller, and the output-quantity 
control member. As shown by the inter- 
connecting arrows each ‘of these basic 


' Paper 44-188, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calii., August 29-September 1, 1944. Manuscript 
submitted June 16, 1944; made available for print- 
ing July 11, 1944. 
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This will be re-- 


parts is dependent for its operation upon 
one of the others and in turn influences the 
operation of the remaining part, hence the 
use of the term closed-cycle as shown by 
the closed counterclockwise system. 

As previously defined, a servomecha- 
nism is in general any closed-cycle regu- 
lated system that is controlled by a differ- 
ence of quantities. The wide scope of 
this definition can be realized best when 
it is noted that no limitation is placed on 
either the input or output quantities. 
Thus we may have regulation of speed, 
voltage, position, flow, and so forth. If 
the error measurer contains an element for 
converting quantities, the input and out- 
put quantities need not be the same. 
Many servomechanism problems have 
been solved commercially by Rototrol!! or 
Amplidyne control or regulating systems. 
The basic component of each of these sys- 


-tems is rotating d-c equipment to which 


suitable control, either of the electronic 
or some other type, has been added. 


The General Servomechanism 
Figure 1 illustrates the basic elements 


of a general servomechanism and their 
interrelation. A theoretically perfect 


_servomechanism would be one in which 


the output quantity varied with time ex- 
actly asthe input. Referring to Figure 1 
it is seen that this is not possible, since 
no error would be developed by which the 
output member could be controlled. The 
design of servomechanisms deals with 


EXTERNAL DISTURBANCE 
ON CONTROL MEMBER 


INPUT 
QUANTITY 


DIF FERENCE OUTPUT 
QUANTITY 
ERROR OUTPUT CONTROL 


MEASURER QUANTITY MEMBER 


CONTROLLER DISTURBANCE. 
ON CONTROL] MEMBER 


CONTROLLER 


Figure 1. General servomechanism block dia- 
gram 


Fo(t) To(t) 


Te(t) 


CONTROLLER 


Figure 2. Angular-position servomechanism 
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methods of keeping both the magnitude 
and transient duration of the error be- 
tween input and output small enough 
to meet the desired operating conditions. 

The various elements in Figure 1, may 
be represented mathematically as time 
functions as follows: 


i(t) =input measurement as a function of 


time 

O(t) =output measurement as a function of 
time 

E(t) =error measurement as a function of 
time 


C(é) =control of output member as a func- 
tion of time* : 

C,(¢) =external disturbance of output con- 
trol member as a function of time 


Also: 

E(t) =1(t)-O(@) (1) 
The Laplacian operator form of any time 
function is given by 


=> uh Pe (i)at aie 
0 : 


If d(t), ’(é), (4), and so on = 0 at 
t=o, p may be thought of as equivalent 


to a When equation 2 is used, equation 

1 becomes 

E()=i()-0(@) 3) 
Also: © 

C() =fc(b) E(b) (4). 
O(b) =fo(b) (C(b) + C,()] (5) 
where 


f-(p) is the response function of the con-_ 
troller. 
fo(P) is the response function of the output 
’ control member. 


Both of the above quantities are similar 
to the response function of an electric 
network. In the familiar response of an 


LR series circuit, corresponds to 


di 
R+LIP 
fe(p) of equation 4, and C(p) and E() are 
analogous to the current and impressed 
voltage, respectively. 

By substituting equations 3 and 4 
into equation 5 and solving for E(p), one 
obtains 


i(p) —So(b) Col) 
1+fo(b)fe(P) 


This is the basic servomechanism equa- 
tion and is of the type attributed to an 
unpublished memorandum of J. Taplin 
in 1937.1 Taplin recognized the simi- 
larity of the automatic-control problem 
and the amplifier-design problem as 
given by Black? and Nyquist.’ Inte- 
grating’ E(p) in the Bromwich Wagner 
integral yields (i). 

Over a period of years a number of 
solutions of equation 6 have been made, 
Certain assumptions and approximations 


E(p)= (6) 
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were used to obtain these solutions, If 
these same assumptions and approxima- 
_ tions can be justified by the designer, the 
established equations may be used, and 

the need for obtaining a new solution of 

equation 6 will have been eliminated. 

-Once'the characteristic equations of any 
given type of servomechanism have been 
obtained, they may be applied to any 
servomechanism of that type regardless 

of what the controlled parameter is. 

These equations permit analysis from 
- which it is possible to design equipment 
to meet certain specifications. Stability 
as well as transient and steady-state 

errors can be predicted. ~ 

A good method to follow in the design 

of a servomechanism is to separate the 

-mechanism into its component parts as 
shown by Figure 1, then to calculate the 


response functions of these components, 


and finally either to use an established 
solution of equation 6 such as those 
following or to obtain a new solution. 


Angular-Position Servomechanism 
The procedure to be followed in making 


an analysis of a servomechanism can be 
illustrated by consideration of the rela- 


_ tively common angular-position servo- 


mechanism. Such a system is schemati- 
cally illustrated in Figure 2. 
Where 


6;(t) =input angle as a function of time 
6,(t) =output angle as a function of time 
6(t) =6;(t) —@,(t) =error angle as a function 
oftime 
c=viscous damping coefficient of output 
member 
I =lumped inertia of output member 
_F,(t) =coulomb friction as a function of time 
T,(t) =external load torque as a function of 
time ; 
. T,(t) =controller torque as a function of time 
w;,(t) =input velocity as a function of time 


The response of the output member 
can best be obtained by writing its differ- 
ential equation: 


Id? Z dé, 


+c Be T,(t) (7) 
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curves of simple- 
error servomecha- 
nism 


18 20 22 24 26 26 


At t=0 with and o=0, the Lapla- 


cian form of the foregoing solved for 6,(p) is 


IES ik —F 8 
ie Dp (Te(b)-To(b)— Fo(b)) (8) 
Comparing equation 8 and equation 5 one 
finds 


1 
fal?) ~ Ipt-tep 


C(p)=T(p) 
Co(P) as To(b) — F(t) 


By substituting into eqnation. 6, one 
obtains 
(Ip?+-cb)0:(p) + To(b) + Fo(P) | 
0(p) = (9 
Te ob the) . 
Since p6;(p)=w;(p), equation 9 can be 
written as 


(Ip+c)wi(p) +To(p) + Fo(P) 
Ip?+cp+fe(p) 


Thus once a control operator, f,(p), is 
determined, we have an error equation for 
either an angular-displacement or an 
angular-velocity input disturbance. Sev- 
eral solutions of equation 10 with different 
control operators, f,(p), are given. 


9o(P) = 


8(p) = 


Simple-Error Controller 


The simplest form f,(p) can assume is a 
constant. 


With f,(p) =K equation 4 becomes 
T.(p) = K6(p) (11) 


This gives a controller whose torque is 


Figure 4. Response 
curves of error-plus- 
error-rates servo- 
mechanism with no 
viscous damping and 
(Il-a) held constant 
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Figure 3. Response 


' Us5 = K 


(10) ie the. ratig of actual to critical 


f). S se 


oa 
oyenordonal to the’ aoe angle, anc 
jis known as the stiffness constant. — 


flp)=K, To(b) = Fo(p) =0, and 


made w,; at ¢=0, equation 10 become 


Uptow , 
Ip*+cp+K 
The effects of T,(p) and F,(p) ~ 0c cna be 
obtained by superposition. 


Setting p=0 in ene 12 gives 1 the 
steady-state error 


. ive 
O(p) = (12) 


* 


oe Mes 


With the effects of T,(¢) and F, Felt) cor m= 
sidered 


s3 = pecs 2 zs £ (14) 
Similarly in equation 9 with 6,(p) =0, 


In determining stability and transient 
response of a servomechanism, it is con- 
venient to use some standard input fune- 
tion and then to compare the errors ob- 
tained using different controller parame- 
ters. A very useful and practical 
input function of that type is constant 
velocity, w, applied to the input at -=0 
and held at that value thereafter. This 
is the case described by equation 12 fo 
the simple-error type of controller. ‘Re- 


5 
writing equation 12 in ‘terms of Sigs 
He, 


damping, and 2, — 5 the undamped 


natural frequency of the system yields a 

more general solution. Then 
(p+ 2rw_)ws : 

P+ 2rwnptwy? 


The solutions for equation 16 obtained! 
by operational methods are 


6(p) = ; “U6 
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A(t) ( w. ) 
—=|—¢" t i n 
Asse fh 2 (18) 
r>1 
6 ae! 
ue = (: — ent (coshy/ 72 1wpt+ 
sse ; 


Riek eg! aw 

oJ sink 7 iw!) (19) 

Oss is the steady-state error with criti- 
cal damping and is equal to 2w,/w,. 
Osec¥ = 2rw;/w, and checks 6, in equation 
13. Figure 3 gives 0(t)/0,., as the ordi- 
nate and wy as the abscissa, for different 
' values of 7. Since both 6(é)/0,;. and w, 
are dimensionless and neither contains 7, 
_ the curves shown in Figure 3 give both 
the relative magnitude and duration of 
- the transient errors. Figure 3 is similar 
to the curves given by Hazen,’ with 
the exception that different dimension- 
less parameters which give a truer picture 
of transient duration were used. As ex- 
pected Figure 3 shows that when the 
damping ratio, 7, is increased, the os- 
cillation about the steady-state position 
is reduced, although the time initially to 
approach the steady-state error is in- 
creased. If a fairly large initial overshoot 


can be tolerated, small damping ratios 


may give satisfactory performance be- 
cause of their correspondingly lower 
steady-state errors. 


The prime difficulty with a regulator 


of this type occurs because the damping 
torque is proportional to speed. Con- 
sequently, at high operating speeds, there 


is a large amount of power being dis-. 


sipated in the damper. This loss can be 
tolerated in low-power systems; how- 
ever, high-power systems require other 
means of obtaining stable operation. As 
is usual in design, compromise is neces- 
sary. High values of r are desired to 
prevent large transient overshoot, yet 

’ these same values bring about an increase 
in the steady-state error and damping 
power loss. 


' Error-Plus-Error-Rates Controller 


Examination of equation 10 shows that 


to overcome the disadvantages of the © 


simple-error controller a positive term in 
p and a negative term in p? are desired in 
the denominator. The positive term will 
provide damping to the system without 
increasing the steady-state error or damp- 
ing loss for a constant-velocity input, 


OUTPUT Go(t) 


INPUT at) 


ERROR 0 (t) 


CONTROLLER 
TORQUE T(t) 


CONTROLLER E 


FEED BACK VOLTAGE 
ne xg Co. 


Ficus 5 Schematic representation of error- 
plus-RC-output-feedback servomechanism 
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‘since both are dependent only on c. The 
negative term in p? will minimize inertia 


effects. Such a controller would give 
f(£) in equation 10 the form, 

f(b) = —ap?+bp+K (20) 
and 

T, (=a 402 r+Ko : (21) 


dt? 


If equation 1 and equation 7 are used, 
the differential torque equation can be 
written as 


ro 03 d6; 
at? at leOt+t hl 


= d-a) = ~+b+o 5 +Ko M4 


Rewritten in operational form 


(mp?+2frwnb)0i(p) + (1—m) purt 
, To(b) + Fo(b) 


0(p) = (23) 


P?+-2rwypp+Wy? 


with the initial boundary values, (1—m) 
pw; showing up as an external torque and 
where 


eS ae me Pena Ss 
2v/ (I—a)K’ 


I—a 


With p6;(p) =w and T,(p) 
tion 23 becomes 


(p+2frw,) wr 
P+ 2rwyptw,? 


Solutions by operational methods give 


= F,(p) =0 equa- 


0(p) = - (24) 


oO(1- —¢e Trt (cos VJ 1—P wat 


2fr?— vt ) 
oS ats sinV oa rwyt) 


(25) 


(26) 


9(t) =(1 —e Trt (cosh V 2 —1w,t+ 


Rift age 
ofrr/A=1 sinhV r2— iva) ) 


(27) 


n 


Most designers strive to make ¢ as 
small as possible so that steady-state 
error for constant velocity input is mini- 
mized. The solutions of equation 24 
with c=f=0 are 


toa 
6(t)w. e Trt sev Ritags 
—— re sin 1—r wet 


Wy a a 
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(28) 


OUTPUT @o(1) 


CONTROLLER 


Figure 6. Schematic representation of error= 
plus-negative-RC-feedback servomechanism 


INPUT @;(t) 


ERROR 6(t) 


r=] 
OE 
as =wy,ter Yat (29)° 
1 
le 
6(t)w. Psd eee 
ane ~ aaa sin WV 121 Wat (30) 


The foregoing equations are particu- 
larly useful because they result in 
simple transient solutions to which the 
steady-state error for f—0 can be added 
without any appreciable inaccuracy. 


os 


Figure 4 is a plot of against Wat 


- for different values of r with (I—a) held 
constant. 
that for stability a<J, since the first 


It should be noted carefully 


criterion of stability is that all coeffi- 
cients be positive. Again as in Figure 3, 

the abscissa, w,»t, does not contain r so 
that it truly represents transient dura- 
tions for variations of 7. Figure 4 illus- 
trates quite clearly the compromise in- 
volved in derivative damping: 


(a), Transient duration may be decreased 
at the expense of peak error. 


(6). Transient peaks may be decreased by — 
providing a controller capable of delivering 

high values of derivative damping. This — 
usually involves a more elaborate controller. 


As difficult as it is to obtain high value 
of first derivative damping reliably, the 
problem is extremely more difficult in — 
obtaining a component proportional to | 
p%. Usually one takes the values of a — 
that can be obtained and has little control , 
over its magnitude. 


Error Controller With RC-Output 


Feedback 


The difficulty of obtaining economi- 
cally quantities accurately proportional 
to error change has led to a wide practice — 
of using a resistor—capacitor network 
across a voltage proportional to the out- 
put speed, d@,/dt, to obtain antihunt. A 
common system is to use a d-c tachometer 
generator directly connected to the out- 
put drive. A schematic diagram of a 
system of this type is shown in Figure 5. 
Neglecting load and friction torque, 


torques may be equated as follows: 


7 Pte, cs -T.) 


a (31) 
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OUTPUT @o(t) 


CONTROLLER E 


Figure 7. Schematic representation of error- 
plus-LRC-output-feedback servomechanism 


~ 


_ Two sets of initial conditions have to be 
assumed, because different transient re- 
‘sponses are obtained when the output 
velocity function 0;(p) is taken as an 
acceleration or deceleration. This is 
caused by the charge on the capacitor, 
C, for a steady-state velocity The two 
sets of conditions assumed are: 


A. Att=0 
6=0;=0,=0 
do do; db, 


(33) 


The solutions for 6(p) using boundary 
conditions (equations 32 and 33) are 
identical with the exception that the 
initial values given by equation 33 show 
up as an external torque. ( (p) in equa- 

_ tion 6. Thus as derived in equations 
56 and 60. 


O(b) = 0,() 
Tey 


fold) = Totty RoRCaD® 


2 
Pe 1-+RCp 
C(p) = K0(p) 
E(p) =6(p) 
Ic(b) =K 
C,(p) =0 using equation 32 


sae! K2RCg 
Co(b) ~(14 8 


(34) 


Y mo using equation 33 


The solution for 0(p), using equation 32, 
is given by equation 57 as 


2RCgp 
(100+ Tee) 
0(p) = yee nh ed 
Ipteb+ so Roy tK 
Letting pbi(p) =w,ati=0 ; 
(oti . Pao 
er e\ ee 
tl naan Pa 
Ae te +(95+* or 
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(32) 


where 


g=generator constant, volts per radian R 


per second 


‘K,=controller constant, foot-pound per volt 


1 Kog ¢ 

Barer Hi Eli 
The corresponding solution for 6(p) 
using equation 33 is given by equation 


61 as 


( sepa aaeeegt Tene) a) 


) 7 
(sien pwr (37) 


O(p) = 
aRCgp* 
Ip?+ b+ Re ae, 


+5 


If at ¢=0, p4(6) is instantaneously 


made zero, 0;(p) remains at the value cw, /K — 


and 
A(p) = 
CW ; 
(oie rn ee a 
K (38) 
pipet (ata T ot aes 


_ The steady-state error for constant _ 
’ velocity input, wy, is still cw,/K as it was for 


the simple-error case. To reduce this 
error, c is made as small as possible. The 
case with c=0 is of importance and re- 


duces both equations 36 and 38 to the. 


same value with the exception of sign. 
With the positive sign 


Kog 
(+t ) pwr 


© 0p) =) (39) 
Kog K K 
r+ (se ae ee ona 


For 6(#) to be damped the product of 
the second and third denominator term 
coefficients must exceed the first and 
fourth term coefficient product. This 


RELATIVE, VOLTAGE 


ie} 0.25 0.50 0.75 
CYCLES PER SECOND 


Figure 8. Absolute voltage comparison of 
RC and LRC antihunt circuits 

R=900,000 Rt, =100,000 

C=3 microfarads L=20,000 henrys 


requires K2RCg>0 which is a result that 


easily could have been anticipated. 
Solutions for 6(é) from equations 36, 38 and 


39 may be obtained by general methods. - 


However, in many cases, it is easier to 
assign specific values to the constants, 
find the roots of the equation by a 
method with which one is most familiar, 
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“and arti “several particular 


ing torque is proportional to ta. or 


; Kaper i 
Co(b) = (1+ +See) ngs 
TERCURGG) acta 


etiicicis 


by operational methods, rather 
general solution. If ¢ arbitrarily i is 3 
zero only in the denominator of equi 
36 and 38, equations result which 
tain a steady-state velocity error 
not derive any damping from that e 
loss. This represents the case of a 
motor with thyratron armature con 
Here we have a velocity error, because a 
definite armature voltage must be main- 
tained for constant velocity, and yet no 
decelerating damping because of the recti- 
fier characteristic of the thyratrons.® ee 
The big disadvantage of using RC out- 
put damping is that it Eetende acceleng 
tion response. a 


6(p) for Error Controller With 
Negative RC Feedback 
Typical of the system outlined in 

Figure 6, is a Ward-Leonard control 

system with the generator included i 

the controller. of Figure 6 then « cor- 

responds to the variable voltage of the 

Ward-Leonard system. The well-known 

equation for armature current in a d-c 

motor w#th constant excitation i 1S 


dose" 


"a= Ra 
; ¢ 


With load torque neglected the accelerat- 


dO, 
dt ~ 4785 
Ra Ba 


EQ, —- —gC,— 


Ciig= 


' By following the procedure outlined i 
the Appendix, and using conditions 
ke 32 and 33 again, one finds” 


arr ce om ; | 
K(1 »)0(p) 
(py KG+RCpO6) 
1+RC(1+K2)p 
\__K(1+RCp) 
Jl) =TRCA+K ap 
C,(~) =0 using equation 32 » 


Use of conditions in equation 32, sub 4 
stitution in equation 6 yields 


(Ip?-+ cp) 0;(p) 


K(G3-RCp) ee ae 
Ip? BASED 201 
oa TE RC +Knp 


Letting p6;(p) =w, at =0 


(e+(nts Jo) : 


P+ (ints Aisle i+ h 


(42), 


(0) = = 


9(p) = 


q 


ne 
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where ; Z 
i) 


-RCA+K) 


Use of conditions in equation 33 and 
substitution in equation 6 yield 
6(p) = ful. 
| (cK2RC) 
Tp?-+-cp)6,(p) —| 14+—— 
Up : cp)9:(p) ( + ow 
K(1+RCp) 
1+RC(1+K2)p (43) 


ag at t=0, 6,(p) is instantaneously 


Ipt+cp+ 
} 


Wi 


made zero, 0;(p) remains at the value z 


K 
f ; Inep CU 
[Castes «pe het ‘cere 
K 
h 
ee alerts ee] 
p+ (mté opr ( ACE 8 Nip Ht 


“and 


As was the case with output damping, 
O(¢) can be found by operational methods. 
This system of obtaining stability also 
is detrimental to acceleration response 
because it depends for its operation on 
slowing up the ’ appearance of the volt- 
age, E. 


Error Controller With © 
LRC Output Feedback 


With a feedback circuit such as used in 
Figure 7, rather than one as used in Figure 
5, the advantage of a faster acceleration 
tesponse without sacrifice of antihunt is 
obtained. The simplest way to show 
what results is to plot the absolute value 
of the voltage appearing across R against 
frequency for both the RC and LRC cases. 
Figure 8 gives such a comparison. In 
the lower-frequency range the LRC cir- 

cuit gives less negative feedback, con- 
sequently, acceleration rates are higher. 
However, in the higher-frequency ranges 
the negative feedback of both the LRC 
and RC circuits are about the same. - By 
selecting the value of L, R, and C the fre- 
quency at which the feedback voltage 
first reaches its peak can be made the 
natural hunting frequency of the system. 
If this be done, the system is damped 
because of high negative feedback at 
hunting frequency, and yet acceleration 
response is not too badly affected be- 
eause the amount of negative feedback 
falls off rapidly at frequencies below the 
hunting frequency. Using an inductance 
in this manner is quite similar to the 
method used to increase the gain of a ca- 
pacitor-coupled amplifier at high frequen- 
cies. Figure 7 shows only one section of 
this type of high-pass filter. More than 
one section gives even a sharper change 
from low to high negative-feedback 
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vl 


values than that shown in Figure 8. 


The solution of. the LRC problem in 


operational form is obtained by follow- 


‘ing the same procedure outlined in the 


appendix. Then 


"(b) = 
: 1 

| : KoRCg(Ry+Lp)p? 
Ip? ee th ee 
Ge BESTE TS °C OTS 
C(p) =K0(p) 
fi(p) =K 
C,(p) =0 (using equation 32) 
C(p) = 

(: KaRCgR,+Lp © Ye 
R+Rr+Lp+RCp(Rr+Lp) 

When equations 32 and 45 are bei 

stituted into equation 6 and one lets 


pi8(p) =w, at t=0 
0(p) = 
(te+e+ 


(45) 


, 


R+R,+Lp+RCp(Ri+Lp) ) 
“KaRCe(Ry-+Lp)p? 

Vi 2 

PTEEY eee a eURCH RAL p) 


(46) 


K»RCg(Rr+Lp)p ) 


When equations 33 and 45 are used 
similarly and substituted into equation 6, 
then if at f=0 wm instantaneously is 
made zero, 0(p) remains at cw,/K and 


a(p) = 
Ip*-+ep+ 


K,RCg(Ry+Lp)p? )e- 
Ry+R+Lp+RCp(Ri+Lp) 
( i K2RCg(Rr+Lp) ) pe 
RLR,LLp+RCH(Rz+Lp) )* 
; ~ KeRCg(Rr+Lp)p? 
Tp? pS aoe tan ro Be ee 
PIV OTR LR+LP+RCP(Rz+LP) 
(47) 
Time Delays 


All the equations given so far have 
neglected time delays. In systems in 
which this delay time is small compared 
to the natural period, the equations can 
be used as given. However, when long 
relative delay times are involved, they 
must be introduced. In the familiar case 
of current response of a series LR circuit, 


Cee 
oe a 
Rr? 


and L/R occurring in the denominator can 
be thought of as a time delay, ¢. The 
steady-state value, E/R, has already 
been included in the constants K and Ky 
used in the response equations. There- 
fore, in order to introduce time delay the 
affected term merely should be multi- 


plied by ae If more than one time 


delay is to be included, by a similar line 
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a 


of reasoning the affected term is multi- 
plied by 


1 
(1+hp)(1+tp) ... (1+tnbd) 
Thus for the Ward-Leonard system 


(48) 


which contains both field and armature . 


time delays, equation 35 becomes 
a(p) = | 


(reten+ ne 


K2RCgp? a3 
(1+typ) (1+ tap) (1+RCp) 
: K 
(1+ tb) (1+tap) 
Similarly equations including time 
delay could be written for all the response 
equations given. Rationalizing an equa- 


Ip*-+cp+ 


tion of the type given in ‘equation 49 
results in a denominator containing a fifth ~ 
degree equation in p. Finding the roots- 


of that equation and then using opera- 
tional methods gives the solution for 
6(t). The increasing complexity of the 
solution for 6(p), when several time de- 
lays are included, has resulted in a prac- 
tice of finding the roots of the denomina- 
tor equation and evaluating the stability 
by the damping factors of the roots.’.* 


Types of Input Functions 


All the response equations given have 
used a unit function as the input. This 
is a simple function by which the response 


acai eee irc 


- 


for the different systems of control can | 


be directly compared. However, it is 
not the only one that can be used. If the 


response to a sine, constant acceleration, — 
or any other input is desired, it is neces- 


sary, merely to substitute the correct 
operational form of the sine or constant 


acceleration input for 0;(p) and proceed — 
_ with the solution exactly as if w had 


been substituted for p0,(p). This pro- 


- vides a method for finding the exact re- 


sponse to a known input function. Most 
problems, however, involve random in- 
puts, consequently a good method of com- 
parison such as is provided hy the unit 


function is adequate. 


Summary 


The previous example of a remotely 
located gun turret continuously following 
a hand-operated sight serves well to illus- 
trate the method and equations given. In 
the design of such a system it is desired 
that the gun stay in line with the sight 
within close limits. It is also desired 


that the gun deviate as little as possible | 


and realign itself as quickly as possible 
after some disturbance has moved the 
sight. Thus, the sight position corre- 


sponds to 6,(é) and the difference in their 


respective positions at any time to 6(2). 
Finding 0(¢) helps enormously in design- 
ing a control system, for not only is it 
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the error equation but also it shows what 
values such fundamental parameters as 
the stiffness of the system, K, the vis- 
cous damping, c, the inertia, J, and the 
antihunt feedback constant, K2, must 
have in order to keep errors within de- 
sired limits. The error equation in 
operational form @(p), has been given for 
a number of different systems of control, 


~ any of which will do the job. Each sys- 


tem accomplishes the basic purpose of 
keeping the gun turret aligned with the 
sight. However, the transient and 
steady-state errors may be quite different 
for similar values of stiffness, damping, 
inertia, and so forth. It is the problem 
of the designer to evaluate the complex- 
ity of any system against its merit and 


: then select the simplest system that will 


petform within desired limits. Setting 
p equal to zero in any of the derived equa- 


tions for 6(p) gives steady-state errors 


for angular displacement and velocity. 


* From these can be selected values of 


viscous damping and stiffness which will 


give a small enough steady-state error to 


meet a given specification. Integrating 
0(p) operationally gives 6(#), the transient 


_efror response. From the resulting equa- 


tion values of antihunt, K>, or error rate of 


_ change, b, can be selected which will 
_ limit the egos yh error to the desired 


‘value. 

The method shown for obtaining these 
criterion equations for @(p), consists 
of breaking the servomechanism up into 
its component parts, obtaining the con- 
troller and output response functions, 


and then obtaining 6(p) by using the 


general servomechanism equation 6, This 
is a systematic procedure for handling 
an unwieldy problem. Further refine- 
ment can be made by introducing time 
delays and varied input functions. Al- 
though all particular solutions obtained 


* by use of equation 6 were for angular 


position regulators, equation 6 is entirely 
general. Therefore servomechanisms to 
control such quantities as voltage speed, 


‘pressure, and so forth are represented 
_ by equation 6. Particular solutions ob- 
tained for the angular position servo-- 


mechanism can be applied to servo- 
mechanisms controlling other quantities 


by using unit analogy. 


Appendix. 6(t) for Error Controller 
With RC Output Feedback 


‘In order to calculate the feedback com- 
ponent of torque, it is first necessary to 
find the voltage appearing across R of 
Figure 5, as a function of time. The series 
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Pikets summation is 


By standard operational methods this can 
be rewritten as 


Ri)+— ub) Dal fa) = 
=0 


£080(b) — EP (80)i=0 


When conditions from equation 32 are 
used, the voltage appearing across R, is 


RCgp0(p) 
1+RCp 


which, when fed back into the controller 
negatively, gives an output torque com- 
ponent 


— K2Ri(p) = — 


(50) 


Ri(p) = 


K2RCgp*0,(p) 


1 
1+RCp eu 


where Ke is the controller constant with 
units of foot-pounds per volt. Then for a 
controller which also has a simple error 
component, the controller torque is 


K2RCgp*0(p) 
1+RCp 
With load, 7,(#), and friction, F,(é), 

neglected, the ara aa torque equation is 


pate, Bo. 
rise om a Tell) 


Te(p) = K0(p) — (52) 


(53) 


When operational methods and boundary 
conditions from equation 32 are used 


1p0.(p)-+¢b0,(b) = Te(p) =K0(p) — 


K2RCgp?6,(p) 5 
BO i (54) 
This can be rewritten in the form, ' 
0(b)= Kop) (88) 
2 
Ip} epee 
1+RCp 


When equations 4 and 5 are used, the 
following comparisons can be made: 


O(b) = 40(p) 
1 
j= 
Solp “ip hcpp RRCaB? KiRCep* (56) 
1+RCp 
C(p =Kap) 
E(p) =0(p) 
f(b) =K 


By using equations 6 and 56 and rationnle 


izing, one obtains 
2RCgp 
of 2 
( P?+cp+ a (p) 
K.RCgp? 


1+4+RCp 


aey= (57) 


Ip?+-cp+-——=— 4 K 
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(49) 


_ initial boundary conditions occur as external 


_ tember 1934, pages 279-331. 


_Pany, New York, N. Y., 


oY aay 
if the same ‘procedure p r 
lined is followed and conditions from 


tion 33 are used, 


KsRCe(D*(0)= pur) . | 


(6) = Ke @- 


.1+RCp . ; 
Use equation 56, boundary conditions of 
equation 33 and solve for 6(p): re 
0o(b) = * | 
gece. " KaRCgp? _ 
(i TOT TERCH 1+RCp ] a 


[xeao+(r+ ; a Enos] (59) 


Comparison with equation 5 gives. “ E 


a 


7 
(60) 
an 


Ke 
Nee I+ 
gh ( See 
in addition to the previous relations, whic 
were established in equation 56. Thus 


torques in the general equation. By usi 
equations 6, 56, and 60 and rationalizir 
we obtain } 


KORG 
it {ppt 


1+RCp "Vou nt 
( eee ge 
K*RCgp? 
FRCP 


9(p) =- 


Ip?-+ep+—— + K 
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Design Considerations | of 400-Cycle | 
Aircraft Motors — 7 F 


_ M.B. SAWYER, SR. 


NONMEMBER AIEE 


EVERAL papers have been presented 

describing the reason for the selection 
of 400-cycle three-phase service for mo- 
tors aboard aircraft. In view of the fact 
that the decision has been made to use 400 
cycles, the purpose of this paper is’to pre- 
sent some of the motor-design problems 
to the men who must write the specifica- 
tions for these motors. A better general 


expected from 400-cycle induction motors 
gineer and the motor designer. 


airplane must be designed asaunit. The 
generating | ‘system ‘is never sufficiently 
large to permit the assumption of uniform 
voltage and frequency under all condi- 
tions. The need for dependability re- 
quires the use of some reliable overload- 
protection device which must be consid- 
ered as part of the motor. The type of 
load, which may involve a large variation 
in torque during the duty cycle, must be 
completely understood by the motor de- 
signer. Also, the motor control must be 
such as to insure reliable motor operation. 


The need for co-operation between the. 


engineers working on these varied but in- 
timately related problems cannot be too 
highly emphasized. 


“Only those characteristics of 400- cycle 


misters which differ radically from char- 
acteristics of the 24-volt d-c motors used 
in the past will be discussed. Mechanical 
problems will not be discussed, although 
new mechanical problems have appeared 
due to the possibility of speeds up to 
24,000 rpm. 

First we will list the requirements of 
the airplane designer and then point out 
some of the problems faced by the motor 
designer to meet these requirements. — 


1. The first requirement of the airplane 
designer, so obvious that it is frequently 
overlooked or subordinated to other require- 
ments, is dependability. The motor must 
do the job assigned to it unfalteringly on 
each occasion when it is needed during the 
period between servicing. In this respect 
the induction motor has definite obvious 


Paper 44-210, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
pubaitted June 19, 1944; iacle available for Print 
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understanding of the performance to be 
will help both the aircraft electrical en- 


An electric system such as used on an 


advantages over the 24-volt d-c motor. 
These include simpler windings, freedom 


‘from commutation, and fewer parts. 


2. The weight must be minimum consistent 
with dependability. 


3. The motor must be capable of doing its 
job when the maximum voltage is ten per 
cent above or ten per cent below rating, and 
when 'the frequency i is five per cent above or 
below rating. 


4. The requirements for starting torque in 
proportion to full-load torque will vary 
considerably, but should ordinarily not be 
below 120 per cent of full-load torque. 


5. The maximum torque permissible is 
determined by the airplane structure and is 
sometimes as low as 120 per cent of the full- 
load torque. 


‘ 


6. If the motor is to run continuously, its 
efficiency may be as important as its weight 
because of the added weight of fuel which 
must be carried to run a less efficient motor. 


7. Itis desirable to have a high power fac- 
tor to reduce line losses and generating ca- 
pacity required. 


8. The same ambient temperature, humid- 


ity, altitude, and vibration specifications 


apply to 400-cycle motors as were used with 
the d-c motors. 


These, then, are the primary require- 
ments of the airplane designer which af- 
fect the motor designer. The generaliza- 
tion that high speed means less weight per 
horsepower will now be investigated by 


. considering the results of running a fa- 


miliar one-horsepower 60-cycle four-pole 
induction motor from a 400-cycle power 
supply. 

The motor selected is one having quite 
common performance characteristics. 


The starting torque is 200 per cent of full- 


load torque, and the maximum or break- 


’ down torque is 300 per cent of full-load 


torque. The efficiency is 80 per cent and 


the slip at full load is four per cent. The © 


motor being considered differs from an or- 


dinary industrial motor in that better ma- 


terials are used and precautions are taken 
to’ prevent interlamination losses. The 
motor is totally enclosed so that the analy- 


sis will not be confused too much by in- 


creased friction and windage. Otherwise, 
the motor is a conventional one with a 
well proportioned lamination and normal 
performance. 


The full-load torque of any motor is the’ 


maximum torque which can be developed 
by the motor for the rated time of opera- 
tion without exceeding a safe operating 
temperature. This is the case in all mo- 
tors, although the interpretation of “‘safe 
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operating temperature” will be revised 
drastically when the motor is tised aboard 
an airplane. For purposes of comparison 
let us assume that the same cooling is used 
on 400 cycles as on 60 cycles, that the 
same temperature rise is permitted, and 
therefore the same total losses in the mo- 
tor are permissible. 

Let us now consider how this motor will 
operate on 400-cycle service. In order to 
keep the flux the same, the motor must be 
operated on a voltage 6.7 times higher 
than the 60-cycle voltage. That is, the 
_ voltage must be increased in proportion 
“to frequency. The synchronous speed, of 
course, increases from 1,800 rpm to 12,000 
rpm. The magnetizing current increases 
only slightly. The motor resistance is not 
changed at all by operating the motor on 
400 cycles; however, the leakage react- 
ance increases in proportion to the fre- 
quency, that is 6.7 times. 

The rated torque is determined by the 
losses, and is practically the same as on 60 
cycles. Therefore, the horsepower rating 


isincreased by 6.7 times. Thebreakdown 


torque has increased’ by 70 per cent to 
over 500 per cent of full-load torque. 
This follows from the increase of voltage 


proportional to frequency, together with 


a much smaller increase in circuit im- 
pedance. 


Since the motor produces the same full- — 
load torque with the same losses, but at 
6.7 times the speed, the efficiency has 


been increased considerably. The effi- 
ciency has come up from 80 per cent #2 95 
per cent or better. 

The slip at full-load torque is renee 
from four per cent to 0.6 per cent. This 
can be understood by picturing what hap- 
pens from the standpoint of the rotor. 


The torque is produced by the action of | 


the rotor current on the rotating flux pro- 
duced by the field. By operating the mo- 
tor on 400 cycles instead of 60 cycles, the 


-_ eo 


magnitude of the flux is not altered; only 


the speed of the rotating flux has been 
changed. On 60 cycles, witha slip of four 
per cent or 72 rpm, the rotor bars were 
cutting the flux at such a speed as to pro- 
duce sufficient rotor current to develop 
full-load torque. On 400 cycles the flux is 


rotating 12,000 rpm; however, a differ-. 


ence in speed of 72 rpm between the ro- 
tating field and the rotor still produces 
sufficient rotor current to develop full- 
load torque. The current in the rotor 


‘under load depends on the voltage in- 


duced in the bars, which in turn depends 
on the rate of cutting flux. 

The slip at which maximum torque is 
obtained will also be very small. Maxi- 
mum torque on 60 cycles is obtained at 30 
percent slip, the slip for maximum torque 
on 400 cycles will be near five per cent. 
The fact that all torques from zero to 
maximum are produced within a range of 
five per cent is useful in synchronizing 
actuators located at remote parts of the 
airplane. 

So far we have presented a very satis- 
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factory picture of increased performance 
in horsepower per pound by increasing the 
frequency. One disturbing factor remains 
to be considered. This factor is the start- 
ing torque. A 60-cycle motor designed 
_ for maximum horsepower per pound has 
adequate starting torque. However, a 
400-cycle motor designed for maximum 
efficiency and horsepower per pound has a 
relatively small starting torque. Rede- 
sign by changing the circuit constants of 
the 400-cycle motor results in a loss of effi- 
ciency and consequent increase in weight 
per horsepower. k 
- The starting torque is proportional to 
the J?R loss in the rotor divided by the 
synchronous speed.. Returning to the ex- 
ample, the locked rotor current on 400 
cycles is 40 per cent higher than the cur- 
rent on 60 cycles. The J?R loss will ap- 
proximately double, while the synchro- 
nous speed is increased 6.7 times; the 
torque, then, will be reduced 3.3 times. 
This means that instead of 200 per cent 
starting torque the motor now develops 
60 per cent starting torque. In actual 
_ practice the rated full-load torque of the 
motor could be increased considerably by 
‘inproving the cooling and by raising the 
allowable temperature limit. This in- 
crease in rating only serves to lower the 
percentage starting torque. This diffi- 
culty is a major problem in the design of 
400-cycle motors for aircraft use. 

This example has been purposely se- 
lected to show the difficulty clearly. This 
difficulty is not nearly so pronounced in 
very small motors because the leakage re- 
actance is relatively small in comparison 
to the resistance, and the majority of mo- 
tors used aboard aircraft are small. The 
problem remains in some degree, how- 
ever, and must be overcome. Figure 1 
illustrates the example. Speeds in per- 
centage of synchronous are plotted as 
ordinates and torques are plotted as ab- 
scissas. The motor on 400 cycles pro- 
duces the same torque at rated horse- 
power as on 60 cycles, but produces much 
less torque at standstill. 

We shall now consider ways of increas- 
ing this usually inadequate starting 
torque.* As previously stated, the starting 
torque varies directly as the J?R loss in 
the rotor and inversely as the synchronous 
speed. To increase the torque, the rotor 
current or the rotor resistance, or both, 


‘must be increased. Table I shows the ~ 


‘comparative values obtained in operating 
ourone-horsepower motor on 60 cycles and 


SPEED IN PERCENT OF SYNCHRONOUS 


300 400 500 
TORQUE IN PERCENT OF FULL LOAD 


Figure 1. Speed-torque curves 
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on400 cycles, together withthe effect of in- 
creasing the rotor resistance. In many 
aircraft applications it may be desirable 
to produce the high maximum torque at 
standstill, In the example chosen this 
would be accomplished by increasing the 
rotor resistance about 20 times. The pen- 
alty, however, would lie in the necessary 
decrease in rated torque due to the heat- 
ing in the high-resistance rotor. The re- 
duction in rated torque would be by a 
factor of approximately three. With the 
starting torque 500 per cent of the mo- 
tor’s previous rating, and the rating re- 
duced by a factor of three, the starting 
torque would now be about 1,500 per cent 
of rated. 

Although this large starting torqueisob- 
tainable, a reasonable value of 200 per 
cent starting torque can be obtained by 
increasing the rotor resistance without 
much sacrifice in rated torque. In the ex- 
ample chosen, a threefold increase in rotor 
resistance will achieve this result with a 
net decrease in rated torque of 20 per cent. 

A second method of increasing the 
starting torque is by raising the starting 
current by decreasing the reactance. The 
reactance is a function of slot size and pro- 


portions, and air gap. Let us assume that. 


the reactance could be cut in half. This 
would approximately double the starting 
current, and therefore give four times the 
starting torque. This method would not 


affect the losses at full load appreciably. 


The over-all effect, however, would 
usually be to decrease the power factor 
through increased magnetizing current. 
This method of increasing starting torque 
has possibilities, but leads to higher start- 
ing currents and bad power factor. 


Table I. Effect of Rotor Resistance on Motor Rating 
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voltage and temperature variations. The 


' per horsepower. In any case, the specified 


- variations in the maximum torque, prob- 


_ will heat very rapidly. The thermal 


_ Some form is another possible solution. j 


[- ae as es ae 
nes is Re ee ae 

A third way of increasing the starting 

torque is to alter the motor so that the re- 

sistance or reactance, or both, will vary 

as the motor comes up to speed. In this 

classification. are included double-cage 


srotors, external rotor resistance operated 


through centrifugal switches, and many 
ingenious devices. The small physical 
size of aircraft motors makes this method 
quite difficult, but some desirable solu- 
tions will be obtained by this method. In 
fact, all 400-cycle motors take advantage 
of some variation in rotor resistance from 
standstill to full load because of the cur- 
rent distribution due to leakage flux in the 
rotor bars. — 

A fourth possibility of increasing the 
starting torque of the motor is by the use 
of some mechanical device such as a cen- 
trifugally operated clutch which would 
permit the motor to attain speed before 
picking up the load. ll 

Economy in weight and efficiency of 
electrical motors can be obtained by de- 
signing the correct load so that large 
starting torques are not required. 

Next in importance to the problem of 
starting torque.is the problem of what to 
do with the maximum torque developed 
by the induction motor. As noted in the 
list of requirements, the airplane designer 
uses such low factors of safety that the 
maximum torque applied to the load must 
be definitely limited, sometimes to as 
little as 20 per cent in excess of the re- 
quired torque. This same problem gave 
some difficulty in d-c motors because of 


series motor, however, develops maximun 
torque at standstill, which is very desir- 
able for most aircraft applications. We 
have seen that altering the induction 
motor so that the maximum torque is ob 
tained at standstill results in lower effi- 
ciency and consequent increase in pounds 


range of voltage and frequency will caus 


ably in excess of 20 percent. = - 

Therefore, it is necessary either to build 
the structures sufficiently heavy to with- 
stand considerable maximum torque or to 
use some method of limiting the torque 
other than motor design. In d-e motors 
a slip clutch is used suecessfully since the 
speed drops off rapidly with increased 
torque. With an efficient 400-cycle mo 
tor the speed at maximum torque is very 
high, and if a slip clutch is used the motor 


i 
b 


protecting device must then operate to 
open the circuit. Probably a better solu- 
tion would be the use of a switch operated 
directly by torque which would open the 
motor circuit. The use of shear pins in 


The problem of the wide range of am: 
bient temperatures does not affect the 
400-cycle motor in the same way it affec 
the 24-volt d-e motor. Low temperatt ; 
decreases the resistance, which in the cas 
of the d-c motor increases the torque, 
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an induction motor, the low Pee raiiie 
decreases the starting torque. This diffi- 
culty of decreased torque is of academic 
interest only, however, since the rotor cur- 
rents will rapidly bring the motor up to 
operating temperature. 

The humidity requirements are easier 
to meet with the induction motor. In 
developing motors for use in such equip- 
ment as submersible pumps for the Navy, 
methods of impregnating stators have 
been brought to a much higher degree of 
perfection than ever before. We do not 
anticipate any difficulty due to eas 
as it affects insulation. 

Altitude will have no effect on the elec- 
trical operation of induction motors, ex- 
cept as it influences rating by changing 
the cooling. Considerable data on this 
effect has been obtained in the use of d-c 
motors, and these data are used in the de- 
sign of 400-cycle motors. 

One difficulty which requires close co- 
operation between the airplane electrical 


engineer and the motor designer is the . 


question of line drop. We have frequently 
encountered difficulty in operating high- 
frequency motors in wind-tunnel testing. 
For instance one motor developed about 
35 horsepower at 6,000 rpm, from 300- 
cycle service. The short leads used be- 
tween the control panel and the motor in- 
stalled in the model doubled the resistance 
and reactance of the stator. In other 
words, the line drop equalled the stator 
drop. This difficulty can be overcome by 
including the line characteristics in pre- 
dicting themotorperformance. Withmini- 
mum-size lines, starting torque may be 
seriously affected if starting current is high. 
There is a tendency among some writers 
of specifications to avoid the use of gear 
reductions in favor of multipole motors. 
An eight-pole one-horsepower motor will 


be twice as heavy as a four-pole one-horse- 


"power motor operating from the same fre- 
quency: In addition, increasing the num- 
ber of poles tends to lower both the effi- 
ciency and the power factor. -This un- 
desirable effect is greatly pronounced in 
motors of small size. In addition, the 
starting torque is relatively lower. 

_ We might summarize this discussion by 
saying that the 400-cycle squirrel-cage 
induction motor has great possibilities for 
increasing the horsepower per pound. 
Difficulties to be overcome before these 
possibilities can be completely realized 
have been discussed. These difficulties 
are not insoluble. The company with 
which the writer is associated and many 
other electrical designing groups have 
some solutions to all of these problems, 
and many more solutions will be found. 


We have pointed out the necessity of 


fee closest co-operation between the de- 
signer of motor and power-supply equip- 
ment, the airplane designer, and the con- 
trol designer. With this co-operation and 
a clear understanding of the problems in- 
volved, the 400-cycle aircraft power- 
supply system will be a marked success. 
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Field Determination of Careat® 


Transformer Errors 


by the Secondary- 


| Voltage Method 
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OR many years there has been a need 

for a relatively simple field method for 
testing bushing current transformers for 
accuracy. 

A paper by A. C. Schwager‘ describes 
a method of predetermining a current 
transformer’s performance based on its 
admittance-vector locus. A study of this 
paper suggested the possibility of de- 
veloping a method of testing such current 
transformers in the field. 


Explanation of 
Secondary-Voltage Method 


In the method to be described in this 
paper, progressively increasing voltages 
are applied to the secondary winding of a 
current transformer with the primary 
winding open-circuited. In this condi- 
tion the current transformer builds up 
an opposing reactive voltage nearly 
equal to that applied. Thus, only a rela- 
tively small amount of current is allowed 
to flow in the secondary winding. This 
“exciting’’ current is made up of two 
components, that is, a “‘magnetizing”’ 
component and a ‘‘core-loss’”’ component. 
The purpose of this method is to analyze 
“exciting” current into its com- 
ponents with the object of combining 
them by formula with the normal second- 
ary currents and thereby find the phase- 
angle errors and ratio correction factors 
for the current transformer under test 


at certain secondary current values, such 


as, 0.5, 1, 2, 3, 4, and 5 amperes. Before 
starting the test the current transformer 
should be demagnetized, with its primary 
winding open-circuited, by gradually in- 
creasing the secondary-winding test volt- 
age from zero to 50 or 100 volts and back 
to zero, taking care to protect the test 
instruments during this operation. 

To analyze the exciting current into its 
two components it is passed through the 
current coil of a wattmeter, the potential 
coil of which is energized first by a test 
voltage (E,) which is 90 degrees out of 


Paper 44-214, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted May 29, 1944; made available for print- 
ing July 21, 1944, 
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both are with the Bonneville Power Administration, 
Vancouver, Wash. 
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phase with the induced secondary re- 
active voltage (£,) and then by another 
test voltage (E,,) which leads E, hy 90 
degrees, or is itself in phase with E,. The 
vars measured in the first case, with — 
voltage E,, hereafter shall be referred to 
as V, and the watts measured with volt- 
age H,, as W. 

The magnetizing component of the 
‘exciting current, or that portion which is 
used to produce voltage E;, is equal to 
V/E,, and the core-loss component is 
W/Ey. ; 

‘Susceptance (B), or amperes of mag- 
netizing component per induced volt, is 
V/E,E,, and conductance (G), or am- 
peres of core-loss component per induced 
volt, is W/E,F,. - 

The higher the resistance (R) and re- 
actance (X) of the secondary burden 
through which the current transformer 
has to force the secondary current, the 
higher will be the value of secondary 
voltage (E,) that. has to be induced. 
Consequently, the greater will be the core 
losses in producing it. 

It is convenient to express the errors 
of current transformers in terms of the 
phase-angle error (#) and the ratio cor- — 
rection factor (RCF). The phase-angle 
error may be expressed in terms of its 
tangent and the four quantities B, G, x, 
and R. 


BR-GX 
14+BX+GR 


Ratio correction factor (RCF) is ex- 
pressed in terms of the same quantities 
and is equal to (1+BX+GR)/cos 9. 
For angles less than 21/2 degrees the RCF 
may be expressed as 1+BX+GR with 
an error of less than one tenth of one per 
cent. 

Figure 1 shows the coaneruieeal Te- 
quired for making the aforementioned 
tests, 


Tan ¢= 


Description of Equipment and 
Test Procedure 


The regulating transformers furnish a 
means for adjusting the test voltage. 
If an autotransformer is used for this 
purpose care must be taken to disconnect 
completely the secondary winding of the — 
current transformer from ground, as 
ordinarily the supply voltage already will 
be grounded. — 

Potential from the regulating trans- 
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formers is applied to the current- 
transformer secondary winding and a 
compensating burden. For a multi- 
ratio current transformer a ratio, such as 
200-5 amperes, is preferably selected for 
the tests. The errors for other ratios 
then may be calculated from curve data 
obtained at the 200-5-ampere ratio. 
With switch S in the upper position a 
voltage of 0.1, 0.2, 0.5, 1, and 2 volts is 
applied by means of a 20-2-volt service 
transformer. For voltages greater than 
2 it may be applied directly with switch 
S in the down position. Then the steps 
applied for the test are 5, 10, 20, 50, and 


. Figure 1. Wiring diagram of equipment for 
testing a current transformer of known turn 
tatio by the secondary-voltage loading method 


The test equipment is as follows: 
Regulating transformer, 120 volts, 60 cycles, 
manually operated 
Step-down transformer, 60 cycles, 20 to 2 volts 
Insulating tranformer, 60 cycles, 50 to 50 
volts with a very low exciting current, for use 
as an autotransformer 
Compensating burden composed of resistance 
(Ra) and reactance (Xq) 
Double-throw selector switch (5) 
Voltmeter 1, 0-150 volts alternating current 
Voltmeter 2, of high resistance with 0-1-5- 
95-125-volt a-c scales 
_ Phase-angle detector with a 150-volt 60-cycle 
field coil. 
together with its series resistance, wired for 
the same operating ranges as voltmeter 2 and 
to be cut into service by the same selector 
switch 


Wattmeter with scale to suit test conditions, 


but usually with a 100-200-watt scale 
Potential-type phase-angle meter, 120 volts, 
60 cycles : 
_ Phase shifter, 120 volts, 60 cycles, single phase 
with a range of plus or minus 180 degrees 


MANUALLY OPERATED. 
REGULATING 
TRANSFORMER 


120-V A-C 
| SOURCE 


POTENTIAL-TYPE PHASE-ANGLE METER 
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It is desirable to have the rotor coil,.. 
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PHASE-ANGLE 
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even as high as 100 or more volts. 

A compensating burden is introduced 
into the circuit in order to match the 
total burden of the current-transformer 
secondary winding and leads, the watt- 
meter current coil, and the test leads. 
The 50-50 volt service transformer is used 
to subtract this voltage drop, together 
with the drop across the compensating 
burden itself, vectorially from the ap-- 
plied voltage (Z,). It thereby secures . 
the true induced secondary voltage (Es) 
for use in the phase-angle detector and in 
indicating voltmeter 2. 

Voltmeter 1 is used to determine the 
values of the voltages (EZ, and £,,) that 
are applied to the wattmeter potential 
coil when vars (V) and watts (W) are 
read on the wattmeter. 

. The phase-angle detector shown in 
Figure 1 is an electrodynamometer type 
of instrument equipped with two voltage 
coils. It has a fixed coil rated 120 volts 


and a rotor coil which is designed for 


variable voltages with full-scale ranges 
of 1, 5, 25, and 125 volts. The inductance 
of its coils may be neutralized with suit- 
able shunt capacitors. 

A phase- angle meter with ieee voltage 
elements also is -Tequired for the tests. 
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_ these two curves ratio and phase-angle 


A sy nchroscope with a 360- -degree scale 
anda light moving element mounted with 
its shaft in the vertical position can be 
calibrated in degrees to serve as a phase? 
angle meter. 

During the test. the voltage (Ep) is 
shifted with the small knob on the phase 
shifter until it lags EZ, by 90 degrees, at 
which time there will be zero deflection on 
the phase-angle detector. Vars are read 
as V on the wattmeter, and voltage (Ex) 
is read and recorded also. Next, the 
moving element of the phase shifter is 
rotated counterclockwise until a voltage 
is obtained that leads EZ, by 90 degrees, 
as indicated by the phase-angle meter. 
This voltage (Z,) is now known to be in 
phase with voltage E,. Maximum de- 
flection of the phase-angle detector occurs 
at this time. A record is kept of th 
watts (W) indicated by the wattmete 
and of the volts (E,). 

It will be found that, as the voltage is 
increased from very low values, the read- 
ings of both V and W will increase slowh 
at first and then quite rapidly for. the 
higher- -voltage values. 

By using a combination wattmeter- 
varmeter, the. 90-degree phase shift is 
obtained without other adjustments 
and the phase-angle meter then may be 
omitted. 

Calculations will be facilitated and 
repetition of test conditions kept to a 
minimum if the test quantities are aa 
as in Table I. 

It should be noted that B=V/E,Ey 
and G=W/E,E, where N is the actual 
turn ratio of the current transformer 
under test. 


Preparation of the Two 
Characteristic Curves #8 = 


tically against the values of E,/N on the 
horizontal scale of log-log cross-section 
paper. There should be three vertical 
cycles and at least three hnrizonte) ae 
on the log-log paper. 

Figure 2 shows typical curves of B and 
G for a 115-kv bushing current trans- 
former tested at 40 secondary turns and 
a nominal ratio of 200-5 amperes. From 


errorsmay be calculatedforany burdenand 


any ratio within the range of the test data 
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The diagonal lines for the various 
current-transformer ratios are drawn as 
follows: 


1. Draw ‘the diagonal base line for the 
200-5-ampere ratio, as shown, between 0.001 
on the lower left hand margin and 1.0 on the 
upper margin. 


2. Draw parallel lines starting at distances 
along the vertical scale equal to the ratio 


/ Actual turn ratio\? ' 
; 40 ; 


and along the horizontal scale at distances 
equal to 


; - 40 : 
actual turn ratio 


Application of Characteristic Curves 


Since the two characteristic curves are © 


plotted as in Figure 2, the values of B and 
G and hence the errors may be deter- 
mined for any current-transformer ratio 
at any secondary current and burden. 
For example, at the 100—5-ampere ratio 
with a secondary burden of R=0.738 
and X=0.307 ohm, with 5 amperes 
secondary current, the secondary volts 
(Z,) will be 5°/0.738?-+0.3072, or 4. For 
a curtrent-transformer ratio of 100-5 


amperes, E,/N is 4/20 or 0.2. A vertical ° 


line is drawn at E,/N=0.2 to intersect 
the Gand Bcurvesasshown. Horizontals 
‘from these curves intersect the 100-5- 
ampere diagonal line at values of 0.091 


for G and 0.157 for B.- Thus, the phase- 


angle and ratio errors are found as follows: 


—  BR-GCX 
ee 1+ BX+GR | 
__(0.157) (0.738) — (0.091) (0.307) 
~ 1+(0.157) (0.307) -+ (0.091) (0.738) 
__0.1160-0.0279 _ 0.0881 _, 479, 
"1+0.0482+40.0672 1.1154 


@=+4° 3131/2’ cos ¢=0.9969 


cos } ery 99697 


It is usually found convenient to list 
the quantities as shown in Table II. 


Conclusions 


From the foregoing discussion it is ap- 
parent that a current transformer with 
primary and secondary turns known may 


be checked in the field at its secondary 
terminals in a substation if desired. For 
bushing current transformers an inter- 
mediate ratio, such as 200-5 amperes, 
is chosen and a range of test voltages ap- 
plied to the secondary winding varying 
from 0.1 volt to 100 or more volts. It 


is not necessary to completely disconnect 


the current transformer from the high- 
voltage circuit, provided its primary is 
open-circuited. In this case one side of 
the current-transformer secondary wind- 
ing should be kept grounded. . 

Test equipment may be kept to a 
minimum, if approximate results are 
sufficient, by applying the secondary 


PLOTTING CURVES 


SG AND B~ SCALE USED FOR 


2 


~ 0,001 0.002.0.0050.010.02 0.05 01 0.2 05 | 
Es/N AND G AND B-SCALE 
_ Figure 2. Curves of G and B plotted from test 
data for a multiratio current transtormer at 
200-5 amperes 


Values of G and B at any secondary burden 
and any available ratio are determined as indi- 
cated by the arrows 


voltage at the current-transformer termi- 
nals. The phase shifter, 50-50-volt 
transformer, compensating burden, and 
phase-angle detector then may beomitted. 
The error in this instance will be caused 
by applying a voltage, H,, that differs 
from the induced secondary voltage, Eg, 


by the voltage drop in the secondary- 


winding and test leads caused by the 
passage of the test current. If the sec- 


ondary test voltage is kept below ten 


volts in testing a bushing-type current 
transformer of 200--5 amperes, the error 
in the results from neglecting this differ- 
ence should be less than two per cent. 
From. the field data two curves are 


‘plotted on log-log cross-section paper 


with one curve showing the susceptance 
(B) of the open-circuited current trans- 
former, and the other showing its con- 
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SECONDARY 
WINDING 


Figure 3. Typical multiratio bushing current 
transformer 


The winding of one ratio only is shown 


ductance (G). Values of E,/N are used 
for the horizontal scale in each case. 
Parallel diagonal lines are drawn on the 
log-log paper to represent all available 
ratios, and the sheet is then ready for use 
in determining the ratio and phase-angle 


etrors of any burden at any power factor © 


for any current-transformer ratio, within 
the limits of the data taken. The RCFin 
terms of a nominal turn ratio is equal to 
actual turn ratio 


nominal turn ratio 
RCF). 


For metering use the limits 0.001 to © 


1.0 for E;/N at the 200-5-ampere ratio 


multiplied e (actual | 


covers most of the required metering 


ranges for all standard bushing-current- 


transformer ratios. However, for relay 
use it would be better in all probability to 
make the tests at 100-5 or at 50-5 am- 


Ip/ N 


Faidva 


Rusete “eee 


Roe EXTERNAL 
yg BURDEN | 


Figure 4. Equivalent circuit of a current trans-- 


former in service under load conditions ° 


- Summary of the terms used: 


R,=ohms resistance of external secondary 
burden 

X,=ohms reactance of external secondary 
burden 

R,=ohms resistance of current-transformer 

secondary winding. Its effect is the same as if 


it Were connected externally in the circuit as. 


shown 
X,=ohms reactance of current-transformer 
winding. This i$ usually so small that it may be: 
neglected 
|,,= amperes core loss which = W/E,, = 
|, =amperes primary current. 

N=turn ratio between secondary and primary 
turns of current transformer 
Ip>/N=equivalent primary current (amperes) 
on a 1-to-1 ratio basis 
|,=amperes flowing in current-transformer 
secondary windings 
|,=amperes exciting current made up of com- 
ponents Im and Ip. Ie= WV deg? t lin? 

Im = amperes magnetizing current and equals. 
V/E;= (BE; 

£,=volts applied to external burden 


Ge 


TRANSACTIONS 881 


Oe 


peres in order to cover the range for which 
the data may be desired because of the 
greater saturation at heavy fault currents. 

It is likely that modifications of the 
curves will yield other data useful in relay 
and other engineering calculations. How- 
ever, the purpose of the curves and data | 
as here presented is to describe a field” 
- method that may be used primarily to 
determine the phase-angle errors and 
ratio correction factors of installed cur- 
rent transformers, of known turn ratio, 
for metering purposes. Generally this 
will apply to uncompensated bushing-type 
and wound-type current transformers, as 
compensation usually destroys the true 
turn ratio. 


Appendix 


Figure 3 shows a schematic drawing of a 
‘typical bushing-type current transformer. 
The multiratio taps are not shown. How- 
ever, a well-designed multiratio current 
transformer will be constructed so that, for 
any ratio, the turns will describe at least one 
complete helix around the core. For this 
reason there is very little inducement for the 
flux to go any place except around the core 
_ within the helix. Since the leakage flux is 
extremely small the reactance component of 
the short-circuited impedance of the current 
transformershould be negligible. The actual 
d-c resistance of the portion of the secondary 
winding being considered always should be 


VOLTAGE DROP WHEN C.T. IS 
NORMALLY LOADED WITH 34 


I5Z 
s“t BS eo 


PRIMARY CURRENT+ TURN RATIO 


added to the burden resistance to obtain the 
resistance (R) used in the expressions for 
tan ¢ and RCF and in evaluating E,. 

In Figure 4 an equivalent circuit is shown 
for a current transformer. On a 1:1 turn- 
ratio basis, the total primary current (J,/N) 
is made up of two parts, J,, the exciting cur- 
rent, and Js, the secondary current. The 
exciting current is dependent upon the 
amount of secondary voltage per turn that is 
required. Low secondary voltage per turn 
means low values of exciting current. High 
secondary voltage per turn means high ex- 
citing current. 

The exciting current is made up of two 
components, J,,, the core-loss component 
which is in phase with E,, and J,,, the mag- 
netizing component, which lags E, by 90 
degrees. 

The voltage induced per turn in the 
secondary winding and the total core losses 
are constant for any constant value of mag- 
netic flux flowing around the core. 


Conditions of voltage or coil turns which 
produce the same core flux will have definite 
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and determinable relations “i between 
them. 

Since the value of flux in the core is pro- 
portional to E;/N (from the formula based 
on Lenz’s Law, E=4.44NFo max (107*)) 
any change in the value of E; attended by a 


proportionate change in N for a given cur- 


rent transformer will result in the same value 
of core flux and in the same total core losses. 
The core flux is directly proportional to the 
secotidary-induced volts per turn, Z,/N and, 
for any given value of £,/N, is also propor- 
tional to the magnetizing ampere turns, 
NIm or NE;B. Consequently, E;/N is also 
proportional to E;NB, or B is proportional 
to 1/.N?. 

The core losses are equal to Esl, or 
E,(E;G). They are not necessarily propor- 
tional to E,/N. However, for any given 
value of E,/N they are constant and equal 
to E,2G. Hence, if N is made to vary, the 
corresponding value of EZ, for the same core 
loss as before must vary in direct ratio to 
N. Therefore, under this condition it may 
be said that the core loss E°G, is equal to K, 
a constant, or that G equals K/E,?, where Es 
is proportional te NV. 


Thus, G equals K,/N* for any given values" 


of ¢, E;/N, and core loss. Ky, is a pro- 
portionality constant. 

Furthermore, if the value, G; and By; are 
known for a current transformer of turn 
ratio N, at a given value of E;;/ Ni, they will 
be equal to these values multiplied by the 
ratio (Ni/N2)? for any other ratio, such as 
1/,, provided Es2/Ne2 is equal to Eg /M4. 
These are the relations upon which the cal- 
culations of Figure 2 are based. 


4214-¢ 


Figure 5. Wectorial represen- 
tation of voltage and current 
values within a current trans- 
former carrying a very heavy 
secondary burden 


The diagram shows current and voltage vectors 
under load and under test conditions 
Explanation of the terms used: 


-R, X, and Z=ohms resistance, reactance, and 


impedance, respectively, of the current trans- 
former together with its total external ‘second- 


ary burden 
Z=VRAX? 
¢=phase-angle error of current transformer in 
degrees é 
6=characteristic phase angle of secondary 
burden 
Tan 0=X/R 
E,=volts applied to secondary circuit under 
test 
Za=ohms impedance of secondary compensat- 
ing burden 


Ea=volts drop under test conditions across 
the total secondary circuit the impedance of 
which is equal to 2Z4 

Eg=21.Za 
For explanation of other items used in Figure 5 
see caption for Figure 4 
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the eteiting and coellosds compedeata ae of 
current considerably exaggerated. It may 
be noted that the primary current Ip/N i is 
vectorially equal to the sum of Te+GEp+ 
BE, and algebraically equal to: 


R aS 
I,+GE; Z + BE; Z ' 
cos ¢ 


where 
Z=VR4X? 


The phase-angle error may be found from 
the tangent of the angle ¢ between J,/N and 
TI;, this angle being considered positive when 
I; leads Ip/N, 


BE;(R/Z)—GEs(X/Z) 2 aa 
I,+GE,(R/Z)+BE,(X /Z) 4 
To BRIA CAI ; 
“(LB XEGRIT, 
__BR-GX 
ea Ny are 


Tan ¢= 


The ratio correction factor is equal to = 
ratio Ip/N divided by I,. Also, Es/Is=Z. — 
Likewise, from Figure 5 it is apparent that 


F Ag 
. Lt BE sone al 5 
REE= hi . 
cos ¢ : “a 
or: . 
I BE, X E,R a 
SS eee ee 
1, {Nt Tee 
I; cos ¢ ; 
or the . . . 
Ree 
cos } i 
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i be present aircraft electric system 
uses 24 volts direct current; the 


future system will assuredly be of a 


higher voltage as aircraft and their gen- 
erating systems increase in size. Whether 
it be direct current or alternating current 


depends on the relative merits of each.? 


If the new system be alternating current 
the problem of arc interruption is not 
If the new system be direct 
current and above 24 volts, it has been 
assumed that the arc-interruption prob- 
lem at altitude would be quite difficult. 
There is, however, little quantitative 
data available to bear this out. An in- 
vestigation was therefore initiated to ob- 
tain preliminary data on arc-interruption 
problems introduced by the use of higher 
d-c voltages. 

The use of a newly developed timer 
for measuring the duration of arcing 


made it possible to obtain accurately and | 


tapidly a large amount of quantitative 
data which are presented herewith. 


Scope of Paper 


This paper presents data on d-ce arc 
interruption for voltages up to 250 volts 


- at pressures from sea level to 50,000 feet 


altitude. Both resistive and inductive 
loads are investigated. The load range 
chosen includes small currents corre- 
sponding to relay or auxiliary-contact 
values, and higher currents associated 
with power circuits. Two general types 
of devices were used for the tests; 
namely, single- and double-break switches 
and a blowout-type contactor. The re- 


sults are presented both in the form of 


inaximum amperes which can be inter- 


rupted and arcing time in milliseconds, 
The effect of inductive loads on arc in- 
terruption is discussed briefly. 

There also are presented the results of 
an investigation on the effect of a mag- 
netic field on an arc, which at altitude 
tends to produce an arc movement in a 
direction opposite to that at sea level. 

No attempt has been made to give theo- 
retical or analytical explanations of the 
results obtained. 

A parallel investigation of the voltage 


Paper 44-186, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEBE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
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ing July 11, 1944. 
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MAXIMUM INTERRUPTED AMPERES 


L. T. RADER 


MEMBER AIEE 


peaks resulting from current interrup- 
tion was made at the same time and the 
results of this investigation are pre- 


_ sented in a paper by Phillips and Mitchel.? 


Conclusions 


1. The interrupting ability of small gaps 
(of the order of 0.020 inch) increases 
markedly with altitude for voltages above a 
certain minimum (about 80 volts). 


2. The interrupting ability of larger gaps 
(of the order of 0.220 inch) increases with 
altitude for voltages above a certain mini- 
mum (about 175 volts). For these larger 
gaps the increase is not as marked as for the 
smaller gap. : ; 


3. Ona 30-volt system the arcing time in- 
creases with altitude. On a higher-voltage 
system (above some minimum depending 
on the gap) arcing time decreases with alti- 
tude. 


4. For double-break devices handling 
resistance loads, the maximum volt-am- 
peres which can be interrupted increases 
rapidly as voltages decrease below 100 volts. 


5. The interrupting ability of a double 
break, each gap being 0.020 inch, on a 30- 
volt system is about five times that of a 
single 0.040-inch gap. 


6. The arc-interrupting ability of a device 
improves with increased humidity both at 
sea level and at reduced pressure corre- 
sponding to 60,000 feet. 


7. A blowout-type contactor of the type 
used in industrial work will handle the power 


0-C VOLTS 

Figure 1. Comparison of the interrupting 

ability versus voltage at sea level and 60,000 

feet altitude for the double-break Switchette 
on resistive load 


Gap: 0.020 inch per break 
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requirements of aircraft (100 kva and above 
at voltages up to 250 volts direct current 
both at sea level and altitude. Special at- 
tention must be paid in the design to ensure 
successful operation with low currents at 
altitude. 


8. A reverse blowout effect exists at alti- 
tude which tends to move a low-current arc 
under the influence of a magnetic field in a 
direction opposite to that at sea level. This 
effect was not observed at currents above © 
50 amperes. The reverse forces apparently 
are quite small. 


9. There is an effect observable with small 
gaps on direct current, similar to that on 
alternating current, whereby it is possible 
to increase the maximum interrupting ca- 
pacity of a pair of contacts by decreasing the 


gap. 


MAXIMUM INTERRUPTED AMPERES 


ALT| TUDE- THOUSANDS OF FEET 


Figure 2. Maximum interrupted current versus 
altitude for the double-break Switchette at 125 
volts direct current on resistive and inductive _ 

loads, both single and double break 


Load: Inductive B, Table | 
Gap: 0.020 inch per break 


«= 


Bea: 


MAXIMUM INTERRUPTED AMPERES 


ALT! TUDE- THOUSANDS OF FEET 


Figure 3. Maximum interrupted current versus 

altitude for the double-break Switchette at 250 

volts direct current on resistive and inductive 
loads, both single and double break 


Load: Inductive B, Table | 
Gap: 0.020 inch per break 
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ALT) TUDE- THOUSANDS OF FEET 


Figure 4. Maximum interrupted current versus 


altitude for the Switchette at 30 volts direct 


current on resistive and inductive loads, single 


break 


Load: . Inductive B, Table | 
Gap: 0.020 inch per break 


‘ 


10. The maximum interrupting capacity 
of a device is about the same for loads which 
have low inductance (inductive B, Table I) 
as for resistance loads. Highly inductive 


loads (inductive A, Table I) lower the inter- . 


rupting capacity by as much as two to one. 


. Devices Used 


All data presented in this paper were 


taken on the following three devices: 


‘1. An aircraft switch 


known as the 
Switchette. This is a small double-break 
switch rated at ten amperes, 30 volts, single 
circuit, inductive load, at all altitudes. It 


has silver tips of one-eighth-inch diameter 


and a gap of 0.020 inch. It requires from 


one to two milliseconds for the tips to 


- travel across the 0.020-inch gap. 


. 


2. <A double-break switch with a bridge- 


type movable contact arm carrying silver 


tips about one-half inch in diameter on 
seven-eighth-inch centers. The tip gap 


ALT! TUDE - THOUSANDS OF FEET 


Figure 5. Comparison of maximum interrupted 

current versus altitude for the 0.040-inch-gap 

single-break Switchette and the 0.020-inch- 

per-break double-break Switchette on induc- 
tive load at 30 volts direct current 


Load: Inductive B, Table | 
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AV. ARC TIME - MILLISECONDS 


ALTITUDE- THOUSANDS OF FEET 


Figure 6a. Average arc time versus altitude 
for the double-break Switchette at 125 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive A, Table |, 0.2 ampere—two 
coils in series. Parallel combinations of these 
for higher currents 
Gap: 0.020 inch per break 


was set at 0.220 and 0.312 inch. This unit 
was part of a commercial size 1 contactor 
having a tip rating on alternating current of 
25 amperes and a motor rating of 71/2 horse- 
power at 550 volts. The opening speed is 
about 20 inches per second. “ae 


3. An industrial blowout-type contactor 
with copper tips rated at 100 amperes, 600 
volts, direct current. The gap length on 
this device is /3. inch and there are 11 
turns in the blowout field. In this device 
the arc transfers from the tips to stationary 


“arcing horns so that the opening speed does 


not usually affect arc interruption. 
Method of Test 


‘Power for most tests was supplied by 
one or two generators rated 200 kw at 
300 volts. For some of the tests at 30 
volts on the Switchette a battery table 
capable of supplying 2,000 amperes was 
used. Arcing times were obtained with 
the use of a specially built electronic 
arc timer. The input impedance to this 
device is about four megohms so that its 


effect on the arcing characteristic of the 


devices was negligible. 
The device under test was mounted in 


_ a transparent bell jar which was evacu- 


ated to simulate altitude. Pressure was 
read on a vacuum gauge calibrated against 
a manometer. Conversion between pres- 
sure in inches of mercury and altitude 
was based on data from National Ad- 
visory Committee for Aeronautics report 
218. No attempt was made to control 


temperature or humidity except in one. 


instance when the humidity was held at 
100 per cent for a test at both sea level 
and altitude. The device was operated 
at 20 make and breaks per minute for the 
lower currents (100 amperes and below) 
and about five to ten operations per min- 
ute at the higher currents. In all cases 
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showing the maximum current which a 


designated in Table I. The inductan ‘ 
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Figure 6b. Average arc time (ten readings) 
versus current for the double-break Switchette 
at 125 volts on both resistive and inductive 
loads at sea level 

Load: Inductive A, Table I, 0.2 ampere—two 
coils in series. Parallel combinations of these 
for higher currents ~ 

- Gap: 0.020 inch per break . 


20 
3 


sufficient on-time was allowed for the 
current to reach its steady state va 
before breaking the circuit. Ten readings 
were taken at each set of conditions when 
obtaining arc-time data so that each 
point on the presented curves is the aver- 
age of ten readings. To obtain the data 


device could handle, the current was in- 
creased in small steps taking ten inter- 
ruptions at each point, until the current 
was found at which the arc would not ex- 
tinguish. 


Loads—Inductive 


The loads used in these tests are th 
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200 
D-C VOLTS 
Figure 7. Comparison of the interrupting 
ability versus voltage at sea level and at 60,000 
feet for the 0.220-inch-gap-per-break double- 

break contactor on resistive load 


One curve for the Switchette from Figure 1 is 
shown for comparative purposes 
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Figure 8a. Average arc time versus altitude 
for the double-break contactor at 60 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive C, Table | 
Gap: 0.290 inch per break - 


given is that defined as differential in- 
ductance. This inductance is obtained 
from a step-by-step solution of the os- 


cillogram of current rise under constant | 


voltageusing the equation Ldi/dt+ Ri=E. 
Although the values of inductance are 
given only at 50 per cent and 100 per 
cent current, a continuous curve of in- 


ductance versus current can be obtained ~ 


from the oscillogram. 
Discussion of Data 


Table II shows the average arc time 

_ on a 30-volt system for several commer- 

cially available aircraft devices. It is 

presented here merely to give some fac- 

tual data and establish the order of mag- 

nitude of the arcing times which are now 
obtained. 


SwitcHeTTE, 0.020-IncH Gap 


Figures 1 through 6 inclusive present 
results obtained with the Switchette. 
Figure 1 is a plot of maximum inter- 
rupted amperes and maximum volt- 
amperes versus voltages. at sea level and 


AV. ARC TIME -MILLISECONDS 


Figure 8b. Comparison of average arc time 
(ten readings) versus current at sea level and 


50,000 feet for the double-break contactor 


on inductive load at 60 volts direct current 


Load: Inductive C, Table | 
Gap: 0.290 inch per break © 


60,000 feet for resistance load. ‘The 


rather surprising result should be noted 


that for voltages above 80 volts inter- 
ruption improves with altitude. The 
complete curves of maximum amperes 
versus altitude for 125 volts direct cur- 
rent and 250 volts direct current which 
were taken for an inductive and a resis- 
tive load, both single and double break, 
are given in Figures 2 and 3. Again it 
will be noted that interrupting capacity 
increases with altitude. 

- Figure 4 compares interruption for re- 
sistive and inductive loads versus altitude 
at 30 volts direct current. Figure 5 shows 
a comparison of the interrupting ability - 
on inductive load of a double break of 
0.020 inch per break with one single break 
of 0.040-inch gap. The large interrupt- 
ing ability of the double break at 30 volts 
is probably due to the fact that the mini- 
mum voltage required to maintain an 
arc in air is approximately 15 volts per 
break. 

Figure 6a shows arcing time versus 
altitude for three currents at 125 volts. 
The shorter arcing times at altitude lead 
to the conclusion that interruption im- 
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proves with altitude at this voltage, which 
is in agreement with data shown in Fig- 
ure 1. Figure 6b shows average are 
time versus amperes at 125 volts at sea 
level for a resistance load and a very 
highly inductive load. The very sudden 
change in are time as the switch ap- 
proaches its limit is clearly shown. The 
difference in maximum interrupting 
ability between this curve and that of 


Figure 2 is due to the difference i in load 


inductance. 


DOUBLE BREAK, 0.220-INcH GAP AND 
0.312-IncH Gap 


Data were taken on a conventional 
double-break switch for gaps of 0.220 
inch and 0.312 inch. Only the data taken 
at 125 volts are submitted for both gaps; 
the majority of the results shown are 
for the 0.220-inch gap. 

The maximum current and maximum | 
volt-amperes interrupted versus voltage 
for 0.220-inch-gap double-break switch 
are shown on Figure 7 for a resistance 
load at sea level and 60,000 feet. Again 
an improved interruption at the higher 
voltages is noted, but the voltage above 
which arc interruption improves is ap- 
proximately 175 volts for this gap. 
There is only a slight increase in the cur- 
rent which can be interrupted at altitude 


compared to sea level for voltages above 


175 volts; for voltages below this value 
the interrupting ability is noticeably less’ 
at altitude. A comparison of the maxi- 
mum currents that can be handled at sea 
level by the 0.220-inch-gap double-break 
contactor and the 0.020-inch-gap Switch- 
ette is also shown in Figure 7. 

The double-break switch, when oper- 
ated on 30 volts direct eitents inter-_ 
rupted currents of 1,000 amperes, both — 
resistive and inductive, without diffi- 
culty at both sea level and 50,000 feet. 


_No curve has therefore been plotted tds 


this voltage. 

Figures 8a and b show the operation of 
this device at 60 volts with varying alti- 
tude. The point of failure occurred be- 
tween 100 and 160 amperes at 50,000 feet. 
It is interesting to note that the arc time - 
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Table |. Load Inductance 
Load Rating Inductance, Henries a 
Load 100 Per 100 Per 50 Per 100 Per 
Designation Load Load Data CentV  CentI CentI CentI 
Inductive A....Series and series-parallel combinations of d-c in-... .9,600 turns, 1.5-square-inch irom area,...... DF ote 0.42 aera 55 8 
: s dustrial relays; data given for each relay armature sealed : [ . 
Inductive B:...Parallel combinations of d-c industrial relays;....715 turns, 0.6-square-inch iron area,...... Bwoaed 226% - 0.10 0.08 
data given for each relay armature sealed é x 
Inductive C..... D-c series-motor field I DO-109, 150 horsepower... . . .Series field and commutating field..........-. 220 Feiss BBO acres 0.002 0.0044 
Inductive D...,D-cseries-motor field MDO-105.............+--0000> Series Held seyecr cia wenicrta tee alesis so wleleveiee’s PP USAR LZR Ara bare 0.010 0.018 
Inductive E..... D-c series-motor fields 14 DO-105 and 106 im series... ..Series fields... . 2.6... 11+ sees essere re eeees 220) inipieistantoslereaiere 0.012 0.024 
Inductive F...., Aircraft series motor, 1/13 horsepower........-.++++ Armature and field in series—rotor...... 2h kore Lvsain ees 0.0033. ..0.002 
é blocked 
’ Inductive G..... Aircraft series motor, one-eighth horsepower........ Armature jand field in series—rotor...... 2 SR pa! OY (iain ra 0.003 0.003 
: : blocked 
Inductive H....100-ampere-dynamotor contactor coil.............-- 2,300 turns, 0.5-square-inch iron area,...... 28 oer On G47 vies 2.4 take 
armature sealed 
Inductive J..... Solenoid-type 200-ampere contactor COM]... 1... cece cece ee cert e teen e enter ee eee teeeenee eens 24 ais) she OAs ienwe 4.2 1.0 
Inductive K.. a aaa 2 8 100-ampere coritactor....3,100 turns, 0.09-square-inch iron area,....... Seales cece 0.19 
coil armature sealed 
Inductive L..... Wour-horsepower aircraft-motor Fels aisle oeici niece alal fais OUULIU MGIC, che sveleizis cine vices site ce vi, b.0.5.6.8 5100 pe Oe OSG ain aint 0.06 0.03 
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“AV. ARC TIME- MILLISECONDS 


ALTITUDE - THOUSANDS OF FEET 
Figure 9a. Average arc time versus altitude 
for the double-break contactor at 125 volts 
- direct current on inductive load 


- Each point represents the average of ten read- 
ings of arc time ; 

Load: Inductive C, Table | 

Gap: 0.220 inch per break — 


~ AVLARC SECONDS - MILLISECONDS | 


ALTITUDE- THOUSANDS OF FEET 


Fate 9b. Average arc time (ten readings) 
versus altitude for the double-break contactor 
~ at 125 volts direct current on inductive load 


Load: Inductive C, Table | e 
Gap: 0.312 inch per break 


gave an indication of impending failure 
- at 160 amperes by an occasional reading of 
long are time before the altitude was 
reached at which failure finally occurred. 

Figure 9a shows the performance of 
the 0.220-inch-gap switch while Figure 
9b shows the performance of the 0.312 
inch gap, both on an inductive load at 
125 volts. 
larger interrupting ability both at sea 
level and altitude. 

Figures 10a and b are taken at the same 
voltage-as Figure 9, the only difference 
being a higher inductance load. The 
point of failure has dropped somewhat 
lower, and the arcing times are longer at 
the higher amperes. 

On 250 volts direct current this device 
will interrupt only three or four amperes 
inductive load. It should be noted from 
curves 7, 8, and 9 that interruption at 
altitude does not improve for this gap. . 
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_ teristic at sea level. 
device’ can successfully handle currents | 


The increased gap has the . 


BLowout-TyPE DEVICE 


A magnetic-blowout- type device was 
used to interrupt the high currents corre- 
sponding to the power available on mod- 
ern aircraft. The first tests consisted of 
interrupting a 40-kva inductive load (in- 
ductive C) and measuring the arcing time 
for voltages from 30 to 250 volts direct 
current at altitudes up to 50,000 feet. The 
contactor had no difficulty in handling 
this constant kilovolt-ampere load and 
the are time increased uniformly with 
voltage from 8 to.15 milliseconds. Three 
was no appreciable change in are time 
with altitude for this load. 

Figures lla, 12a, and 13a show the 
operation of the blowout-type contactor 


at 60 volts, 125 volts, and 250 volts rile 


arcing time verstis altitude. Figures 
11b, 12b, and 13b show arcing time at 
sea level and 50,000 feet versus amperes. 
It will be noted that a series blowout- 


type contactor at altitude has an arce-time — 


characteristic very similar to its charac- 
This means that the 


from its rating to ten or more times its 
rating with essentially constant arc time. 

A blowout-type contactor inherently has 
a weak point characterized by long are 
times at currents around 20 per cent of 
its rating. This is the range in which 


the blowout field, because of the low cur- . 


rent, is too weak to be effective and the 
contactor depends primarily on its large 
gap to break the current. It will be noted 
that this contactor, although operating 


successfully at sea level, failed on 250 © 


volts in the low-current range, indicating 


Table I]. Comparison of Arcing Times. at 30 
Volts Direct Current 
Load: Inductive C, Table | 
Average 
Arc Time 
(Ten 
Readings) 
> 30 Od 
ad ar a 
eo pA © 
, 2 #2 32 38 
je 35 o¢ aS 
im and He Sa 383 
® ae 38 a5 eo 
=} Og iS) Ae ate 
i beetey Ofc eo 
Switchette......... 0.020.. LOGE iD tet eae: 
50" 2 2 8 
Double-break con- 5 4 4 
tactor (referred TO ea by eh 
to in paper—de- 20 : Fee 5 
WiGesdised)) \ a. biey. 0.312..) 59 | 7 0.. 7.5 
112 eee Oona 25; 
CPU ref sed yf 
i Seeesias 05 
Double-break air- | 10 206 "tee 6) 
craft contactor | 20 BG Bes 7, 
rated 50 amperes, .0.0625.( 30 ..7 .. 7.5 
BOO STO 
100), 519.5. 24 
150 +2 é 
Double-break air- : ‘ey 
craft contactor 
rated 100 am- 
POQGS agai he%s, «i, 0.125.. 150 ..16 .,22 
Double-break air- _ 
craft contactor 
rated 200 am- 
POTCE co tos ak cate 0.125.. 150 ..12.5..18.5 
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_ EFFECT OF Hummpiry mes 


of humidity on are interruption. | 
‘this test a container of water was boiled 


AV. ARC TIME - MILLISECONDS 


that altitude has made the 
more difficult for those currents whe: 
blowout field is ineffective. ‘ 


One test was made to find the eee 
For 


within the bell jar until moisture con-— 
densed on the jar. Arcing times were 
measured on an inductive load at sea 
level and 60,000 feet. Similar data were 

taken on the same device with air which ~ 
was at 20 per cent relative humidity at 
sea level. The results of these tests are 
shown in Figure 14. It will be noted that | 
there is some improvement in are inter- 
ruption due to increased humidity. 
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Figure 10a. Average arc time versus altitude 
for the double-break contactor at 125 volts 


direct current on inductive load 


Esp point represents the average of ten read- 
ings of arc time 

Load: Inductive E, Table ite 

Gap: 0.220 inch per break 


AMPERES 
Figure 106. Comparison of average arc time 
(ten readings) versus current at sea level and 
50,000 feet for the double-break contacto 
on inductive load at 125 volts direct current 


Load: Inductive C, Table | 
Gap: 0.220 inch per break 
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. d * " / 
REVERSE BLowovut At ALTITUDE 


It has been known for some time that 
at altitude an arc may move under the 
influence of a magnetic field, in a direc- 
tion opposite to that in which it moves at 
sea level. To investigate this effect two 
devices were used. The first had as 
electrodes a pair of slightly bowed cop- 
per bars mounted to make contact at 

their center. They were arranged so 
that the are could move horizontally, 
equally well in either direction. A sepa- 


rately excited source supplied blowout- 


field excitation. 
Using only 125-volt d-c supply, arc 
cu:rents from three to seven amperes, 
both inductive and resistance loads, and 
gaps of one-eighth inch, one-fourth inch, 
three-eighths inch, and one-half inch, it 
was found that as pressure was reduced 
the arc moved slower and slower in the 
normal direction until finally it did not 
move. The altitude at which this oc- 
curred is shown in the following table: 


Gap, Current, Direct Altitude, 

Inch Amperes Voltage Feet 
Diane icire steleia'w ele haere keels ca oe UZO Roane 38,000 
Bact. pra soins «| Dajamateua pecs haa PO ew articles 46,000 
Bimchaparstiere, sant ote Depress eneianess TDD ageitialaion> 47,000 
Bacto ey ors cata ata Gis bisceictot hese T25n cee 56,000 


For altitudes above those shown the arc 
was driven in the reverse direction. 

It will be noted that as the gap in- 
creased the altitude required to stop all 
movement in the normal direction also 
increased. Changing the field strength 
over a wide range did not appear to a 
this phenomenon. 

The second device used consisted of a 
double-break switch with two permanent- 

magnet blowouts and electrodes so ar- 
ranged that each arc could travel in either 
of two directions. Using this device with 
a gap of '/i5 inch and 3/3) inch it was ob- 
served that the reverse blowout effect 
did not take place on -both gaps, one re- 
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0 10 20 
ALTITUDE- THOUSANDS OF FEET 
Figure 11a. Average arc time versus altitude 


for the 0.590-inch-gap blowout-type contac- 
tor at 60 volts direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 


DECEMBER 1944, VOLUME 63 


- device must handle. 
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 versing at altitude and the other merely 


decreasing in velocity. Investigation re- 


- vealed that there was a dependence on 


the direction of current flow. If the 
cathode was in a strong magnetic field 
near the magnet the reverse blowout oc- 
curred but when the cathode was in a 
weaker field reversal did not occur. 

As the pressure in the vacuum chamber 
is lowered the arc is observed to move 
slower and slower. It finally stops moving 


_and then if conditions are right moves in 


the opposite direction. At this point it is 
a diffuse discharge, its cross section having 
increased many times. It is easily ob- 
servable that the different parts of the 
arc are acted on by opposing forces, for 
the are column will sometimes travel in 
one direction while the cathode spot 
moves in another. It appears that the 
reverse blowout forces act primarily on 
the region near the cathode spots while 
the magnetic field as usual acts on the 
are column. At very small gaps these 
same phenomena can sometimes be ob- 
served at sea level. 

In general, the reverse force appears 
to be quite small and it may be overcome 
simply by convection. The reverse arc 
movement has been reported and dis- 
cussed in a paper by C. G. Smith.‘ 


General Discussion 


InpucTIVE LOoaps 


There is no standard method of de- 
fining the type of load to be used for in- 
terruption tests. Often a load is desig- 
nated merely as “inductive,” the infer- 
ence being that such an inductive load 
is typical or similar to those which the 
In some cases a 
time constant for the circuit is specified 
as in the Navy: Aeronautical Specifica- 
tion for contactors M569. This is an in- 
adequate designation for it is possible 
to make up any number of d-c circuits 
which have the, same time constant but 
whose severity of interruption can be 
many times different. If an additional 
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Figure 116. Comparison of average arc time 

(ten readings) versus current at sea level and 

50,000 feet at 60 volts direct current for the 

0. ida blowout-type contactor on 
inductive load 


Load: Inductive C, Table | 
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specification is made regarding the cur- 
tent at which a certain degree of satura- 
tion exists, then a time-constant defini- 
tion of a circuit is more nearly adequate. 
Another method of specifying load is to 
give the dimensions and turns of the test 
reactor or device. Here again attention 
must be paid to saturation. The stand- 
ard test inductors specified by the Bu- 
reau of Aeronautics; Navy Department, 
£180, saturate at about 20 per cent of 
their rated current. This reactér will 
then have appreciable inductance up to 
20 per cent of its rating and negligible 
inductance thereafter. A more funda- 
mental method of defining the inductance 
of a circuit for interruption comparisons 
would be to give the total stored mag- 
netic energy in the circuit. However, 
this is hard to measure, whereas a curve 
of inductance versus current can be ob- 
tained simply for any combination of de- 
vices from the current—time curve. 


| 50,000 FT} , 
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Figure 12a. Average arc time versus altitude 

for the 0.590-inch-gap blowout-type contac- 

tor at 125 volts direct current on inductive 
load | 


Each point represents the average of ten ea | 
-ings of arc time 


Loads, Inductive C, Table | 
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Figure 12b. Comparison of average arc time 

(ten readings) versus current at sea level and 

50,000 feet at 125 volts direct current for the 

0.590-inch-gap blowout-type contactor on 
inductive load 


Load: Inductive C, Table | 
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Figure 13a. Average arc time versus altitude 


for the 0.590-inch-gap blowout-type contac- 
tor at 250 volts direct current on inductive 


load 


Each point represents the average of ten read- 


ings of arc time 
Inductive C, Table | 
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Figure 13b. Comparison of average arc time 


(ten readings) versus current at sea level and 
50,000 feet at 250 volts direct current for the 


-0.590-inch-gap blowout-type contactor on 


inductive load 


Load: Inductive C, Table | 


‘ 


In this paper differential inductance, 
which is defined as 


E-—Rt 
a 

dt 
has been used although it is recognized 
that it is not the characteristic inductance 
exhibited by a circuit under arcing condi- 


tions. If hysteresis and eddy currents 
were absent this inductance would be the 


true inductance to specify for circuit in- 


terruption. In any iron-cored circuit, 
however, especially on direct current 
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where solid iron is used, these core-loss 
effects are present and so the true induct- 


ance which affects are interruption will - 
- vary considerably depending on the cur- 
rent and the speed with which the current 


is interrupted. The differential induct- 
ance is used in this paper because it is 
readily obtained and is an indication of 
the inductance of a dev ce. 


Arc TIME 


It should be noted that the curves pre- 
sent interruption data in two forms—ac- 


‘tual arc time in milliseconds and maxi- 


mum interrupting ability. The latter 
is often the criterion used to establish 
the interruption rating of a device, the 
actual rating being a certain percentage 
of the maximum current which can be 
broken. This method of evaluating in- 
terrupting ability presupposes a short 
arc time at rated current and for sea- 
level tests this is usually correct. How- 
ever, when investigations of interrup- 
tions at various pressures are made, it is 
advantageous to discover by means of 
actual arc times the point at which erratic 
performance begins. 

Furthermore, arcing time is a good 
quantitative measure of the comparative 
performance of devices. In most cases 
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Figure 14a. eee of average arc time 

versus current at 20 and 100 per cent relative 

humidity with 0.590-inch-gap blowout-type 
contactor on inductive load at sea level 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 
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Figure 14b. Comparison of average arc time 

(ten readings) versus current at 20 and 100 per 

cent relative humidity with 0. 590-inch-gap 

blowout-type contactor on inductive load a at 
60,000 feet altitude 


Load: Inductive C, Table | 
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pates: actual failure of the device at 
time is also important for One po 
life. 

For small direct currents ‘where niga 

voltage surges are usually initiated 1 
the are interruption, the use of a ma; 
netic oscillograph of the usual sensitivity — 
may lead to erroneous values of arcing — 
time and arcing characteristics. 


SMALL-GAP EFFECT 


of one millimeter may have a higher i: 
terrupting ability than a larger gap is 
well known phenomenon in a-c® arc i 
terruption. Investigation of d-c inter- 
ruption at small gaps has shown that a 
similar effect exists for direct current, 
Tests have shown that it is often pos- 

sible to interrupt more current at either 

125 volts or 250 volts, inductive or re- 

sistive load, with gaps about 0.005 inch 
or’ 0.010 inch than with gaps of 0.030 
inch, especially at the higher altitudes. 
Practical considerations such as metal 

transfer or the building up of beads on — 


_ tips due to arcing tend to limit the prac- 
tical usefulness of this observed phenome- 


non. ; 
~* 
4 


Summary 


This paper has presented quantitative 
information obtained on various direct 
voltages. It should be cautioned that the — 
maximum interrupted currents given 
here should not be taken as the rating of a 
device. The actual rating is a certain 
fraction of the maximum and is depend- 
ent on factors such as factor of safety 
desired, tip life expectancy, maximum 
arcing time allowable, and so forth. 

Based on data obtained so far, the arc- 
interruption problem at higher direct 
voltages appears quite feasible. Possible 
system voltages are three wire, 250 volt, — 
or even 600 volt as far as arc interrup- 
tion is Concericy fare 
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LECTRIC systems as used on aircraft 
have developed from a more or less 
accessory status in older types of aircraft 
to a place of prominence in modern types 
of such importance that safety of opera- 
tion is often dependent to a limited extent 

- on electric-system reliability. Because of 
its importance the general requirements 
of the electric system must be conceived 


for a proposed new airplane design when © 


the design is in an embryonic state. Pre- 


liminary electric-load requirements must ° 


be calculated and, as design changes are 
made, must be revised repeatedly in order 
to co-ordinate properly the electric-sys- 
tem design with the other design charac- 
teristics of the airplane. 7 

During this process of development all 
controlling design features of the complete 
electric system should be considered un- 
der operating conditions approximating, 
as closely as possible, those which 
would be obtained during actual opera- 
tion. ; 

To facilitate the calculation of electric 
loads of an airplane in any design stage, 

and with accuracy consistent with good 

design, the method described in this 
paper has evolved from a study of this 
problem extending over a period of several 
years. : 


Method of Analyzing Aircraft Loads 


To select a generating source adequate 
_ to meet the electric-load requirements of 
an airplane under applicable operating 
conditions requires a systematic survey 
of those conditions with the most severe 
load combinations that may be encoun- 
tered. Thus, the number of. generators 
and batteries and their ratings must be 
determined from the proposed system 
load calculations with due regard to the 
variable nature of the loads and to other 
influencing characteristics. 
Since the preliminary studies of electric 
loads and the determination of required 


generating capacity for a proposed air-_ 


plane present the greatest obstacles, the 
procedure discussed in this paper at- 
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tempts to clarify this initial phase of de- 
sign by considering the several factors 
contributing to the selection of genera- 
tors and batteries; ,however, the method 
used for calculating loads is equally ap- 
plicable to all stages of design with no 
variations nor exceptions. 

The method of calculation as presented 
in this paper is founded on the fact that 
the established standard for rating electric 
machinery is based on internal heating of 
the machine; that is, the maximum out- 
put of the machine is limited by the maxi- 
mum safe operating temperature for the 
type of insulation used. This applies to 


aircraft generators where the tempera-.- 
ture rise of the generator is a function of | 


its internal losses, the most important of 


-which are windage, friction, hysteresis, 


eddy-current and copper losses. Of 
these, windage, friction, hysteresis, 


“and eddy-current losses are functions 


of generator speed and field excitation. 
Copper losses are the products of the 
resistances of field and armature and 
the squares of their respective currents, 
and usually may be considered the prin- 
cipal source of heating when the gener- 
ator is operated at 50 per cent rating 
or above. This is particularly true of 
‘present-day main engine generators which 
are cooled by air blast, since an increase 
in windage, friction, hysteresis and eddy- 
current losses due to higher generator 
speed is compensated by the increased 
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airplane speed which usually accompanies 
an increase in engine speed. Hence, by 
assuming that all, instead of only the 
major part, of the losses vary as the 
square of the armature current, this 
method of evaluating variable loads is 
slightly conservative. 

The energy which produces heating of 
the generator conductors in any given 
period of time, T, is proportional to the. 
integrated squares of instantaneous values 
of current as shown in the following 
equation: 


T2 
W=R ih dt watt minutes 
T1 


where T=T2.—T;. 

The steady value of current that would 
produce the same heating is equal to the 
square root of the mean square of the - 
instantaneous currents integrated over 
the period T. 7 


Iw 1 Te 
Tins = 4/— = 4/= idt 
RENTS 


With the aid of this equation the load 
requirements for each operating condition 
of the airplane, and consequently the 
magnitude of the principal factor causing 
heating of the generators, may be deter- 
mined, and it is of prime importance that 
all main operating conditions be analyzed 
to preclude the omission of any operating 
characteristics that might influence the 
generator capacity. The number of 
different operating conditions fora compre- 
hensive analysis is dependent on the type 
of aircraft—land based or sea based— 


Figure 1. Sample of chart used for tabulating 
aircraft electric loads vue 


| OPERATING CONDITIONS _| 
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and on the use of the aircraft—military 
or commercial. Operating conditions 
may include loading, standby, starting, 
take-off, cruise, combat, landing, and 
others as may be applicable. Bait, 

The first step in making the analysis 
consists of listing each item of utilization 
_equipment on a chart similar tothat shown 
in Figure 1. Adjacent to each item and 
in columns provided for the purpose are 
listed amperes per unit, total number 
of units, units operating simultaneously, 
seconds per operation, and total opera- 
tions per unit per hour. Following this, 
the applicable operating conditions are 


#2082 


Me PEAK— RMS 
Pa BALANCE OF PERIOD—RMS | 


aoe 456.6 AMPS MAXIMUM DEMAND 
| 8 MIN . 

400 r 
2 3009 203.5 AMPS 0.112 MIN 
td 201.5 AMPS 0.170 MIN 
wi 199.2 AMPS.0.420 MIN 
a 2 
Ss 200F 
< ' 


Gin | 
Bx teas 47.1 AMPS 5.00 
ng 56.7 AMPS 1.00MIN 


Oa taene. - 3. 


quence of loads as used for calculating rms 
values of current 


set: up in columns, and the current for 
each item operating under each of the 
several conditions is noted. 
Individual loads under each operating - 
condition may be classified as continuous 
loads, which exist for the duration of the 
+ operating period considered, and noncon-. 
tinuous loads, which exist for various 
portions of the operating period. Ex- 
amples of these classifications are heating 
_ equipment, ventilating equipment, radio 
receivers, and inverters which are usually 
operated continuously, while items such as 
control-surface equipment, landing-gear 
retraction equipment, and engine starters 
are operated noncontinuously. 
Calculations of maximum demand, 
short-time peak, and rms values of cur- 
rent for each of the several operating con- 
ditions with proper consideration of other 
influencing factors provide sufficient data 
‘to determine the number and capacity of 
' generators and batteries for a given in- 
stallation. — . 
As indicated in Figure 2 and Table I, 
it is assumed in this method of calculation 
that for each operating condition all ap- 
plicable loads begin simultaneously at 
the start of the period. This assumption 
serves to simplify calculations and its 
justification lies in the impracticability of 
attempting to estimate the actual order 
of occurrence of the various loads. This 
arbitrary sequence leads to pessimistic 
values of maximum demand and rms cur- 
rent but serves to compensate for neglect- 
ing motor-starting inrush currents, In 
addition to heating, the maximumdemand 
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must be considered because of the effect ; 


of high momentary currents upon com- 
mutation, regulation, and instantaneous 
torque demand on the generator drive. 

Because of the relatively small margins 
of safety possible in aircraft generator 
design,! it is of great importance that ad- 
herence to design ratings be exercised. 
Many main engine d-c generators have a 
continuous full-load rating, a two-minute 
50 per cent overload rating, and a five- 
second 100 per cent overload rating, 
whereas, most auxiliary power-plant 
generators have a continuous full-load 
rating and a five-minute 50 per cent over- 
load rating. Thus, it is necessary when 
analyzing the operating conditions to 
evaluate the overloads for which there is a 
possibility of occurrence. This gives rise 
to the short-time peak current which is 
the rms value calculated over a two- or 
five-minute period, whichever is appli- 
cable. alt 

The rms value computed for the bal- 
ance of the period, after the short time 


peak has been found, is somewhat pessi- 


mistic as a basis for determining the 
continuous-duty capacity of the generator 
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IN PER CENT OF TOTAL PERIOD 


Figure 3. Curves showing percentage dif- 
ference between rms and average values of 
current 


supply, since the arbitrary sequence of the 


various loads tends toward larger rms’ 


values; but, on the. other hand, the 
average value for the same period is 
optimistic. Thus, if both rms and aver- 
age values are calculated, a bracket js 
established which extends from the most 
unfavorable to the most favorable se- 
quence; hence, the actual operation 
must fall somewhere between the two 
extremes. In the absence of large part- 
time loads the rms and average values 
will approximate each other very closely, 
indicating that the sequence of applica. 
tion of the loads for this condition is of 


_ little importance; however, if the short- 
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_ for a.typical operating condition. 


- pacity, excess capacity for future system 


time loads are large their im: 
becomes of more concern. The diffe: 
ence between the rms and average value 
over an operating cycle is a function 
the ratio of amplitudes of the short- 
current and the continuous current, 
also of the duration of the short- 
current in per cent of a complete oper 
cycle. Figure 3 presents a family o 
curves showing the amount that the r 
value exceeds the average value when a 
single short-time load is considered, 

Table I and Figure 2 serve to illustrate 
the method of calculating maximum de- 
mand, short-time peak and rms currents. 


Use of Load Calculations in 
Selection of Generators 


With the aid of the most severe serv: 
requirements of the power supply, as 
made available by the calculations of 
maximum demand, short-time peak, and 
rms values of current for' the several oper- 
ating conditions, the active generato1 
capacity may be determined. In addi- 
tion to the active power requirements, 
other considerations which bear on the 
selection of the number and rating of — 
generators are: emergency reserve ca- 
growth, current peaks carried by bat- 
teries in low-voltage d-c systems, amount 
of monitoring that can be tolerated if 
necessary, altitude rating of generators, 
generator operating speed, and volt-am- 
pere characteristics of the power-supply 
system. ~ “a : 


~. . 
EMERGENCY RESERVE CAPACITY — 


_ The capacity which should be provided 
for reserve depends on the likelihood of 
the generators or their controls becoming 
damaged or inoperative, and also depends 
on the importance of reliability of electric 
power supply, the reliability requirements _ 
in general being a function of size and 
power of the airplane. For almost all 
types of military aircraft reliability is 
usually of extreme importance from the 
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ELECTRICAL ENGINEERING 


‘standpoints of protection and safety of 
flight. For large commercial aircraft 
and especially those for which flight 
safety is dependent on electrically oper- 
ated equipment, such as control surfaces, 
assurance of uninterrupted service is 
equally important, whereas, for small low- 
powered aircraft the loss of a generator 
normally would be of small consequence. 
Thus, the reserve capacity needed to in- 
_ Sure reliability of electric power may vary 
from 0 to 100 per cent and is purely an 
arbitrary figure depending on the func- 
_-tion of the airplane, flight safety require- 
ments,-and the probability of eek to 
the system. 
Reserve capacity is normally Sravided 
in the form of more or larger generators, 
since the weight of batteries to supply 
power for an extended time is usually 
prohibitive. However, a complete evalua- 
_ tion of all factors sometimes will dictate 
the omission of part or all of the normal 


reserve generator capacity, and in such. 
cases any generator failure will make it | 


imperative to monitor the demand for 
power by limiting the operation of the 
utilization equipment. In case all the 
generator capacity is lost, failure to 
monitor will result in rapid discharge of 
the batteries with consequent loss of radio 
contact, electrically operated engine in- 
struments, and possibly propeller pitch 
control. In case only part of the generat- 
ing capacity is lost, the remaining units 
- probably will be operating under an over- 
load. In many ships not having a flight 
engineer, overload on the generator(s) 
is very likely to escape attention until the 
remaining units have overheated and 
failed. The importance of monitoring 
~ before this condition occurs is readily 
apparent and has led to serious considera- 
tion of the desirability of providing a 
- warning whenever serious generator over- 


heating has occurred. The addition of a~ 


built-in thermostat in every generator 
would provide a simple means of operat- 
ing a red warning light. . 


Capacity ALLOWED FOR SYSTEM GROWTH 


The amount of capacity provided for . 


future system growth is greatest in the 
initial stages of the system design, since, 
as the development of the airplane pro- 
gresses, the initial allowance probably 
will be used. It has been common prac- 


tice to provide from 10 to 25 per cent over . 


and above the initial calculated require- 
ments, depending on the conservatism of 
the design. 


CURRENT PEAKS 


The maximum demand current for any - 


operating condition is often of a momen- 
tary nature which may be within the 
generator five-second rating previously 
mentioned. However, in the event that 
_ the maximum demand exceeds this rating 
jn either amplitude or time, it is often 
desirable and advantageous to permit 
the batteries to supply the additional 
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load on low-voltage systems. This is ac- 
complished by co-ordinating properly the 
generator-voltage regulator combination 


to obtain a drooping voltage character- 


istic, as overload i increases, of such nature 
as to reduce the generator voltage slightly 
below battery voltage at a predeter- 
mined overload. Any momentary cur- 
rent peaks are usually of such short dura- 
tion that no provisions for added battery 
capacity are required, although this may 
not be true if the high-current peaks occur 
shortly after the batteries have undergone 
a period of high discharge. Such a con- 
dition might occur during take-off after 
main-engine starting has lowered battery 
capacity, or during landing if the engines 


are operated at low speed. Under the, 


latter operating condition batteries would 
be required to supply a large portion of 
continuous loads in addition to peaks. 


MONITORING 


In some instances where maximum de- 
mand or short-time peak currents indicate 
the necessity for exceptionally large gener- 
ator or battery capacities, it is convenient 
and practicable to regulate the sequence 
of operation of manually controlled 
motors and other loads in order to prevent 
excessive currents, thus permitting the use 
of lower rated generators and batteries. 


GENPRATOR ALTITUDE RATINGS 


Most main-engine generators maintain 
full-rated output up to 30,000-feet alti- 
tude, above which the output is an inverse 
function ‘of altitude. The output of 


auxiliary-power-plant generators, ‘how- 
ever, is fundamentally dependent on the 
output of the internal combustion engine 
which is essentially an inverse function of 
altitude from sea level. Reduced auxil- 
iary-power-plant ratings above sea level © 
cause them to be very inefficient for alti- 
tude operation, and unless engine super- 
charging is provided, these units are 
used commonly only for ground supply 
and emergency reserve in flight, at re- 
duced rating, for main-engine generators. 


GENERATOR SPEED 


To obtain rated output an aircraft 
generator must be operating within a 
given speed range with adequate voltage — 
regulation. Thus, the possibility of 
generator speeds below the lower limit of 
rated speed must be given proper con- 
sideration for those operating conditions — 
during which reduced speeds may occur. 
A condition of this type may become criti- 
cal during landing, especially if the ap- 
proach is made in a prolonged glide from — 
high altitude, but in general would be 
relatively unimportant during ground 
operation with the main engines running. 


SysTEM VoOLT-AMPERE CHARACTERISTICS 


In order to prevent an unstable condi-— 
tion during maximum demand or short- 


time peak loading from which the system 


will not- recover to normal voltage, the 
system volt-ampere characteristics must 
be co-ordinated with operating condi- 
tions. The following discussion applies 
to aircraft power systems consisting of 


Sample of Tabulating and Calculating Loads 


Table I. 
Noncontinuous Loads ~ 
Continuous Loads - - 
(Current) Current Time 
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50. amperes 
(rms) 


49.9 amperes 
(average) 
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' generators, with or without batteries 
which, have over-all volt-ampere char- 
acteristic curves having a positive slope 
on the low-voltage end.. At the lower 
end of the generator-design speed range 
the sytem stability is most critical, since 
aircraft generators usually are designed, 
so that the low-speed volt-ampere char- 
acteristic curve intersects the regulated 
voltage curve at approximately 150 per 
cent of normal rated current. Overload 


ratings of the generators apply for low-. 


‘speed operation of this nature insofar as 
heating is concerned. At this low speed 
continued increases in load, in excess of 
the point of intersection of the two curves, 
result in a relatively sudden drop in the 
generated voltage; and further increases 
may reduce the voltage to a point of in- 
stability such that the generator excita- 


_ tion fails progressively, causing the gener- 


ated voltage and load current to drop to 
small values. Under these conditions 
_ the generator is unable to recover voltage 
until the load has been removed from the 
system, At the upper end of the speed 
range the generators are capable of carry- 
‘ing several times normal rated current 
_ for periods of time governed almost en- 
tirely by temperature rise. However, the 
intersection of the high-speed volt-am- 
' pere characteristic curve and the regu- 
- jated voltage curve is a limiting loading 
condition, Loads in excess of this value 
result in excitation failure and consequent 
simultaneous reduction of generated volt- 
age and load current. Voltage recovery 
can be obtained only by removing the 
load from the system. 
_ The use of batteries in parallel with low- 
_ voltage aircraft generators aids in alleviat- 
ing this unstable condition by increasing 
the amount of load that may be carried 
before reaching the unstable portion of the 
curve. However, the use of enough bat- 
tery capacity to eliminate completely 
- the positive slope portions of the system 
characteristic curves is not practicable 
- from a weight standpoint. 
The general form of a volt-ampere 
_ characteristic curve of an aircraft electric 
system composed of generators and bat- 
tery is shown in Figure 4. The effect 
_ of batteries in parallel with generators 
on the system characteristics is shown 
_ by the broken line. It will be noted 
that at low speed the addition of the 
battery improves'the stability of the sys- 
tem appreciably by increasing the load 
over that which may be carried by genera- 
tors alone as shown by the solid line. 
Each of the previously noted factors 
must be given due consideration in select- 
ing an economical and efficient generator 
supply of adequate capacity and relia- 
bility. 


Selection of Batteries 
An aircraft battery is an inefficient 


source of electric power compared with 
the generator, but its ability to deliver 
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high short-time currents makes it highly 
desirable for aircraft application on low- 
voltage systems. In general, its primary 
purpose is for ground operations when 
generator power is not available, while its 
secondary purpose is for assisting the 


‘ generators by carrying high peak currents, 


thereby improving the stability of low- 
voltage systems. Also, when. operated 
in parallel with generators, the battery 
acts conveniently as a filter to reduce 
radio-noise interference. 

Two methods for reducing the weights 
of battery installations have been em- 
ployed successfully on certain types of air- 
planes. The first, applicable to land- 
based aircraft which operate from well- 
organized airports, utilizes a power sup- 
ply from an external source connected 


into the airplane system through a built-. 


in plug-type receptacle. In this type of 
installation power for engine starting and 
normal ground loads is supplied by the 
external source, and the airplane battery 
is only required to add stability to the 
system by carrying high-current peaks 
and to provide emergency power. 
apparent that military aircraft operating 
from advanced bases which, are not 
equipped with external power facilities 
are not adaptable to a system of this type. 
The second method, applicable to medium 
and large airplanes either land- or sea- 
based, employs one or more auxiliary- 
engine generators which provide power 
for ground operations. In this type of 
installation the battery need only be 
large enough to start an auxiliary engine 
and provide a stabilizing influence on the 
system. 

The following discussion on batteries 
is based on the assumption that neither 
of the aforementioned methods for aug- 
menting ground operation power is used. 


ENGINE STARTING 


Normally, the battery capacity re- 
quired for a given aircraft installation is 


. basically dependent on engine starting 
requirements, and as such should provide © 


sufficient ampere-hour capacity for a 
limited series of starting attempts without 
completely discharging the battery. In 
order to assure adequate capacity for this 
purpose, several factors must be con- 
sidered: the normal current demands 
for the size and type of engine starters 
used, and the effect on starter current 
and battery capacity of the ambient 
temperatures that will be encountered. 
Also, in applications where the battery is 
normally required to supply power for 
ground operations in addition to starting, 
an adequate margin should be allowed 
so that engine-starting capacity will not 


. be jeopardized, 


Engine starters, although energized 
for relatively short periods of time, draw 
currents of exceptionally large magnitude 
i some cases amounting to many hun- 
dred amperes, imposing severe demands 
on the battery. Even under the most 
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discharge rates reduce. the 


“square of the current. 


Tt is: 


‘usually of very limited duration. _ 


where power requirements for ground 


~ except 


‘with proper consideration given to power | 


ideal conditions obtainable, 


pere-hour capacity of the batt 
should be noted that the discharge 
of a battery is not inversely propo 
to the current but approaches the 
For exat a 
fully charged 34-ampere-hour aircraft 
battery will discharge completely at 6. 
amperes in five hours; at 54 amperes it 
will take approximately 20 minutes, and 
at 144 amperes, five minutes, its effe 
capacity being 34, 18, and 12 am 
hours, respectively. In addition to 
effect of the normally large current 
mands of the starter on the battery 
pacity, the effect of low ambient tempe 
ture is twofold; first, because the 
cosity of lubricants increases the load 
requirements to overcome friction, .and, 
second, because the effective capacity 
of the battery drops with the tempera- 
ture.” ss be has i jabs 


om 
'e 

a 
a 


. 
ASSISTANCE TO GENERATORS = 
_ Improvement of system stability by 
assistance to generators in supplying high 
peak currents, is usually assured by the 
battery capacity determined from other 
considerations, since the peak demands © 
which exceed generator capacity are 


Selection of Auxiliary-Power- 
_ Plant Generators: ¢ 


_ For some applications on large aircraft, 


operations are appreciably more than 
engine-starting requirements, it is found 
practicable to utilize auxiliary power 
plants in addition to main-engine genera- 
tors. Because auxiliary power plants 
are normally inefficient at high altitudes, 
they are seldom used for this purpose 
or special applications with 
supercharging facilities, although their 
use for medium- and low-altitude opera- 
tion at reduced rating is not uncommon. 
The method previously discussed for 
determining required main-engine gener- 9 
ator capacity is directly applicable to — 
auxiliary-power-plant capacity with res- 
ervations regarding altitude operation as 
here noted. eer 


General Applications iy 


_ The method of computing aircraft 
electric loads, herein outlined for d-c sys-_ 
tems, is equally applicable to a-c systems 


factor and phase unbalance if on a multi-._ 
phase system. It is also useful in making 
preliminary power studies on a wattage — 
basis before system voltage has been es- 
tablished, 
_Although this method for determining 
aircraft electric loads may be applied 
generally to all types of aircraft, the 
establishment of a definite procedure for _ 
selecting the number and ratings of gen- 
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One Type of Rotary Magnetic Clutch 
and Its Associated Brake Used on 
ee Aircraft Electric Motors 


? 


LEO ANDREWS 


NONMEMBER AIEE 


"VER since the first application of the 
electric motor on aircraft, attempts 
have been made to adapt clutches and 


braking devices to the motor and its 


power transmission system with varying 
degrees of success. Some current ob- 
jectives are: ede 


1. To limit overtravel of and incorporate 
accurate positioning in a mechanism, such 
as landing gears, cowl, or wing flaps of an 
airplane. ‘ , 


2. To limit the application of load to a 
motor until such time as the motor has come 
up to speed. ‘ 

3. To allow quick reversing of a gear train. 


4. To permit temporary disengagement of 
load at a predetermined torque on the motor 
shaft (slipping clutch). : 

' With recent accelerated development 
of aircraft, weight has become a major 


factor influencing the design of all ac- 


cessories of such craft. Consequently, 
the lightweight high-torque high-speed 
electric motors developed for airplanes 
thave challenged anew the ability of 
_ clutch and brake designers. 

It is not proposed in this paper to dis- 
cuss all-of the numerous types of nor ap- 
plications for brakes and clutches, but to 
consider only one type of clutch and a 
brake used in conjunction with it. The 
brake, a design of which is carried out 


later in this paper, is used to hold a load, 
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erators and batteries is prohibited by the 
variable nature of the other influencing 
factors. ; 


Conclusions 


The ever increasing electric applications 
in ‘aircraft add to the desirability of an 
adequate flexible method of evaluating 
loads under practical operating condi- 
tions. The method as described in this 
paper has proved very satisfactory and 
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FRED SHANELY 
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through the associated power trans- 
mission system after the motor power 
has been cut off. Another type applies 
to a mechanism that may be operated 
manually during an emergency. This 
necessitates a mechanism which has a 
free driven disk member. 

The clutch considered employs an 
application of the d-c short-stroke clapper 
electromagnet. Figure 1A shows the 
driven disk of the clutch which is made 
from one solid piece of steel and has the 
motor-drive pinion cut on its extremity. 


It is ‘free to move axially through its © 


bearings. Figure 1B is a view of the driv- 
ing disk. This disk is keyed to the 
armature shaft (Figure 2) and rotates 
with it. The stationary clutch coil is 
wound around a core which forms a part 
of the inner housing of the driving disk. 
Figure 2 illustrates a section of the as- 
sembled clutch and brake with dimen- 
sions indicated. Dotted lines trace the 
paths of flux. This clutch has been used 
on a 100-watt 9,000-rpm intermittent- 
duty motor, developing 0.6- to. 1.0-inch- 
pound torque. It will be noted from 
reference to Figure 1A or Figure 2 that 
there is a ring of nonmagnetic material 
dividing the face of the driving disk into 
two equal areas. The purpose of this 
ring is to direct the flux into the driven 
disk instead of allowing it to shunt across 


Table 1. Absolute Permeabilities for Varying 


Cross Section 
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reliable for this purpose, and when used 
in conjunction with the other influencing 


factors it serves well as a basis for selec- 


tion of generators and batteries. 
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the face of the driving disk. Brakin~ js 
accomplished mechanically by force .g 
the brake face of the driven disk (face 
opposite the clutch engaging one) against 
a ring of braking material fastened to the 
housing. ; : 
Different materials, including metals, 
have been used for both braking and slip- 
ping clutches. The slipping clutch has 
met with only fair success on high-speed 
applications. This, in no small part, is” 
due to a changing coefficient of friction, 
which is in turn some function of the 
number of slippages. Steel upon steel has 
an initial coefficient of friction varying 
from 0.15 to 0.25. Positive engagement 
of the clutch allows no slippage; conse- — 
quently, most clutch coils are in series 
with the armature. From a standpoint 
of economy, reliability, and ease of in- 
stallation, material having a coefficient 
of friction from 0.2 to 0.4 is the most 
suitable for braking. Obviously, with 
the clutch and brake combination just 
the low-inertia driven disk is braked, 
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Figure 3. Performance of brake 


A. Motor data—450 watts; 24 volts; 30 
amperes; weight, 5.6 pounds 

B. Motor data—100 watts; 24 volts; 8 
amperes; weight, 3.25 pounds 


C. Motor data—75 watts; 24 volts; 8 
amperes; weight, 1.9 pounds 

D. Motor data—30 watts; 24 volts; 4 

amperes; weight, 1 pound 

E.. Motor data—30 watts; 24 volts; 4 am- 


peres; weight, 1 pound 


while the relatively heavy armature is 
allowed to coast to a standstill. 

Small 24-volt d-c motors with spring- 
actuated brakes in the output range of 
0.02-0.08-inch-pound torque have been 
reversed as many as 18 times per minute 
on plugging duty without failure over 60- 
hour intervals. 

The braking performance of a group 
of high-speed motors ranging in output 
from 35 to 500 watts is shown in the 
oscillograms of Figure 3. The accom- 
panying data inscribed upon the prints 
make the figure self-explanatory. 

With the mushroom growth*of war 
activities, this clutch, as is true of so 
many other new developments, like 
Topsy, “was not born, but just grew.”’ 
The following sections entitled ‘Analy- 
sis of the Magnetic Circuit,” and ‘“De- 
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tailed Design,” which have been explained 
in the foregoing paragraphs, are attempts 
to pause and consider what is happening 
in the devices. Concepts and design will 
be presented straightway with no further 
explanations and with.the hope that they 
will form a background for further de- 
velopment. 


Analysis of the Magnetic Circuit 


Figure 4 comprises a part of Figure 2 
(assembly) and is used to illustrate this 
analysis. The path of the magnetic cir- 
cuit has been divided into five parts, des- 
ignated as A, B, C, D, and E for the 
purpose of calculating a magnetization 
curve. It was developed by assuming 


_ different values of flux, then by calculat- 


ing the ampere turns necessary to send 
each value through the various parts of the 


Figure 4. Sections 
of flux path 
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Table Il. Ampere Turns for Individual Pest 
of Clutch ~ 3 


Lines of Flux 


oe SE eS SS eee 
4,000 8,000 12,000 16,000 20,000 


Part A. alle d, so 200s ees Ube 6.5 19.5 - 
Part Bs .:0:52.. 61.0 --26-On cust 52... 78.9 
PartiG. ..42205 cov iene a5 OnDioe ae 12}. nea 
Part Di t1.5e see ZO. eS s clous Gin5 19.5 
Part E...2.5.. 320). arte Oars 5.. 7.0 
Totals 62-8: 000, 12009. 2.43.9 «are 81....144.0 


circuit. This curve is shown in comparison 
with a test obtained by means of a ballis- 
tic galvanometer and exploring coils 
in Figure 5. 
Parts C and E have uniform cross- 
sectional areas. Parts A and D have 
varying cross-sectional areas. The pro- 
cedure used in calculating the ampere 
turns required for a magnetic path with” 
a varying cross section best can be ex- 
plained by considering part D with am 
assumed total flux. This flux will be 
chosen as 12,000 lines, it being approxi- 
mately the flux required to hold the 
clutch plates together when the motor is 
transmitting rated torque. Cross-sec- 
tional areas are determined for various 
locations; the corresponding flux den- 
sities are obtained by dividing the total 
flux by the areas; then from a magneti- 
zation curve of the material the ampere 
turns per inch are read. 
The ratio of flux density per square 
inch to ampere turns per inch is the 
absolute permeability at the various cross 
sections. For a total flux of 12,000 max- 
wells Table I is made, in which NIJ is 
ampere turns, pw is absolute permeability, 
A is area in square inches, B is flux den- 
sity in kilolines per square inch, and 7 
is distance from the inside of the disk in 
inches. ; 
If a graph of the absolute permeabili- 


, ties at various locations is constructed th 4 


average absolute permeability can be 
determined by measuring the area and 
dividing by the length of the magnetic | 
path. Such a graph is presented in Figure 
6. The average permeability is found 
to be 9.745. Now from another graph of 
ampere turns per inch versus permea- 

bility, the ampere turns per inch are 
found tobe6.8. This value multiplied by 
the total length of 0.411 inch gives us a 
total of 2.8 ampere turns for part D, A’ 
summation of the calculations is shown in 
Table II. Adding to the ampere turns 
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AMPERE TURNS 
Figure 5. Magnetization curves of clutch 


shown in Table II, those necessary to 
send the assumed values of flux through 
the air gaps, complete data for the mag- 
netization curve are obtained, as pre- 
sented in Table III, from which the 
curves in Figure 5 are drawn. Part B 


has a section in the drive disk which be- 


comes saturated when approximately 
8,000 lines of flux are passing through the 
circuit. Beyond this value some of the 
flux crosses the air gap into the nut on 
the shaft. 

There are two air gaps to consider in a 
general analysis. One is the gap between 
the inner housing and the drive disk or 


between parts E and A. The other is 


between the drive-disk hub and the core 
or between parts C and D. 


N 


wa 


/ | 
ing ee 
4 


5 oa 4 
DISTANCE FROM INSIDE OF DISC IN INCHES ( 5 ) 


oe 6. Absolute permeabilities of clutch- 
coil mounting plate 


al ee es 


Table Il. 


Summary of All Data 


5 ee 


Ampere tuens (test) 75 aerfeece oa as 8 oe eodser OS ekeua ie 


Calculated flux densities expressed in 
kilolines per square inch in the desig- 
nated parts with a total flux equal to 
12,000 maxwells are as follows: 


A B Cc D E 


52 to 84....... (ie nognes BO oyeare 0 52 to 84...... 44 


Detailed Design 


The dimensions as indicated in Figure 
2 will be used. 

Moment of inertia of driven disk (com- 
prised of two sections, the moments of 
which are computed separately) : 


Dx 
caret X thickness 


Wa 0. - V (for steel) 
T=1/.X1/12 W/g pound-inch-seconds? 


= M/24 
KINETIC ENERGY 
2QrN I on 
Kim at =rarx( = y- nani 
60 800 moieat 


Determination of brake spring force 
to stop disk in R revolutions. 
A point on the average braking circum- 


ference of the driven disk moves RD, 


inches. 


—— pounds 
Tv 


Hee d 
=>— pounds 
ro Pp 


/ 


_ DISENGAGING TIME 


Axial acceleration at percpaeornent 


due to Fay inch-seconds. 


ae Qdm 
if oan 
DISENGAGING SLIP 
P| 
7) 


; Determination of flux required to pull 
driven disk into engagement with driving 
disk at no load: 

B?A 
72108 


Hig 


or 


108 
B= F,x72X—- 
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Lines of Flux | 4,000 8,000 «12,000 »=—s«i16,000 ~——20, 000 
_ Ampere turns, iron path (calculated) Roh. ty Te gs ae ee LB 4. ghee aie, 46,5 cite Gi ts aaee 144 
Ampere turns, air gaps (calculated)......... Le teinslateraveane OS a ereme 166.444 oaths 208.755 sa ve 260 
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Likewise, the flux required to hold the 
disks together at any load is calculated as’ 
follows: . 


G 
F3= Es 
c 


BA 
72X 108 


pots (Fst F2)72 X 108 
a A 


Notation oe 


F3+ Fp= 


A, area of clutch face of diving disk, 

_ D?7/4 square inches : 

B, flux density, maxwells per square neh” 

C,, coefficient of friction, clutch sui 1 

Cy, coefficient of friction, brake 

D, diameter of driven disk, inches 

D,, diameter of braking-ring material, av- 
erage, inches 

d, clutch clearance Maree disks) maxi- 
mum, inches 

F, frictional force on brake, pounds 

Fy, spring force, pounds 

F3, clutch force required to transmit torque, 
pounds rm 

g, acceleration due to gravity, 32.2 feet per 
‘second per second — oe 

I, moment of inertia, pound-inches—seconds? 

KE, kinetic energy, foot-pounds : 

M, mass, pounds . 

N, motor speed, rpm 

S, disengaging slip, revolutions 

R, revolutions 

t, disengaging time, seconds 

T,, torque to be transmitted by clutch with 
any applied load, pound-inches 

V, volume, cubic inches 

w, angular velocity, radians per second 

W, weight, bigeye 


Conclusion 


To fill a long-standing need for clutch 
and brake development for electric mo- 
tors, and because this need has been 
augmented and specialized by our current 
war-airplane manufacturing program, it 
seems imperative that the magnetic cir- 
cuit, flux densities, mechanical and elec- 
trical forces, and in addition, the best 
magnetic coil dimensions be studied in 
order to perfect the most efficient design 
of this type mechanism. 

It is hoped that this paper will be in- 
strumental in breaking the ground for 
future development along these lines. 


TRANSACTIONS 895 


» Electric- Wiring Installations in 


‘ 


British Avircraft 


H. J. HORN 


NONMEMBER AIEE 


Synopsis: This paper deals with the growth 
of aircraft electric-wiring installations con- 
sequent upon the increasing use of electrical 
equipment in combat aircraft of all types. 
A brief description is given of the various 
proprietary and prefabricated systems of 
wiring in current use in British aircraft. 
It concludes with a description of the prin- 
ciples of the standard system now in an ad- 
vanced state of development which will be 
applied to all new types of British aircraft 
now in the design stage. 


) 


HE increasing use of electrical equip- 


ment in modern aircraft has in its 
train focused attention on the distribu- 
tion system. The major items of electri- 
cal equipment in British aircraft gener- 
ally are supplied to the aircraft con- 
structor as government-approved items. 
_ It will be obvious that their correct func- 
tioning depends upon the wiring installa- 
tion which serves them. The size, shape, 
and equipment layout of an airplane does 
_ not lend itself readily to an orderly and 
well-spaced electric installation. The 
concentration into certain relatively small 


areas, peculiar in shape, of a large number | 


of electrical items concerned with navi- 
gation, control, offense, and defense, is 
inevitable and constitutes a major prob- 
lem for the designer. It is perhaps diffi- 
cult to appreciate that in a modern four- 


engined bomber, some 41/2 miles of single- 


core electric cable would be required and 
in a filly equipped two-engined aircraft, 
21/, miles would be used. The problem 
of accommodation and efficient installa- 
tion of this amount of wiring demands 
careful thought and planning. Itis unfor- 
-tunate that even up to the present day 
too little thought has been given to pro- 
_ viding an orderly and well-engineered 
wiring installation and to ensuring well- 
protected cable routes. The impression 
still persists in some quarters that elec- 
tric cables, being flexible, can be moved 
and disturbed at will to give pride of place 
‘to other more clamorous demands. This 
has resulted in wiring being “‘slung in’”’ 
and is responsible for a high percentage of 
electric failures directly attributable to 
faulty location of wiring and equipment 
in situations where ingress of moisture, 


Paper 44-219, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 2, 1944. Manuscript 
submitted August 1, 1944; made available for 
printing August 7, 1944. 
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mechanical damage by air crew, and de- 
terioration by extreme heat all have made 
their contributions.. The Ministry of 
Aircraft Production, Directorate of Tech- 
nical Development, now has specified de- 
sign requirements in this connection 
which should mitigate, if not entirely 
overcome, such trouble in future pis 
tions. 


lenient Wiring Installations 
It was formerly the practice in British 


aircraft. carrying a relatively small 
amount of electrical equipment, to em- 


ploy a simple point-to-point system of | 


_ wiring using single-core cables and the 


form of terminal block illustrated in 
Figure 1. This terminal block consists 
of a bakelite moulding having metal in- 
serts carrying a terminal screw and cap- 
tive washer. 


terminal screw thus preventing the stray- 
ing of strands of wire to adjacent points; 
a simple cover completes the assembly. 
Such blocks are provided in a useful 
variety of ways and capacities. 

With the growth of the electric installa- 
tion, this system tends to become cum- 
brous, involving practically the whole 


Figure 1. Typical terminal block (old pattern) 
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The terminal nests are of 
the shrouded type, enabling the bared 
end of the cable to be formed around the 


‘from sheet brass to the required shape 


‘onane ‘preparation and installa’ 
being done on the actual aircraft d ‘in 
construction. With the requirement 

rapid production to meet the needs 
growing air force, consideration was g 
to increased assembly of. the unit p 
ciple, as employed in the Breeze syste 0 
into British aircraft. Subsequently othe 
systems similar in principle were evoh 
and provided not only for accelera 
initial production, but also for mor 
rapid repair and replacement of damage 
sections by repair and maintenance pe 
sonnel. 


Description of Various Wiring 
Systems Now in Use 
THE BREEZE SYSTEM 


This Sy stem eddie the use 


Figure 2. Breeze plug and socket for 7-, 
19-, and 37-ampere conductors — 


% 


serted into sockets carried on aneiee one 
junction boxes previously installed as 
completely wired assemblies. 
The conditions which the Hevea 
this system set out to TiSee were: 


ie Minimum dnetaild Gee time to a av 0 
congestion of personnel on the aircraft ¢ dur- 
ing construction. : 


sections. _ eae 


3. Ease of isolation for maintenance test- 
ing. 2 


a 


4, Suitability for mass production oa low 4. 
standard labor. 


Typical Ereee phage’ and sockets are 
Shown in Figures 2 and 3, and the prin- 
ciple illustrated is identical throughot 
the range of sizes. The external she 
of aluminum alloy carries bakelite mow 
ings which house the plug pins or soc 


inserts. The socket inserts are pressed | 


i 
and have the necessary resilience to en- 
sure adequate electric contact under: 
vibration, The plug pins are turn 
from brass rod - or alternatively are 
“bumped up” from brass wire. 


The jearkee Breeze installations em= 


. [Ws om ? | 
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without additional protection. 


ployed flexible metallic conduits but the 
present practice is to use polyvinyl-chlo- 


ride conduits except in the few cases 
where local screening is a requirement. 
General screening is achieved by sup- 
pression at the source of interference. 

Figures 4 and 5 show a Breeze-wired 
main electrical panel for a heavy bomber 
and a typical Breeze junction box, re- 
spectively. 

The original Breeze installations em- 
ployed soldered or screwed-down connec- 


tions throughout, but more recent in- 


stallations have incorporated the form 
of quick release connector block shown on 


Figure 6. This connector incorporates 


a solderless (crimped) spade terminal at 
the cable end. 


THE Lucas Loom System 


This system was developed to provide 
a lightweight system of wiring compo- 
nents and prefabricated looms primarily 
for installation in fighter aircraft. It 
differs from the. Breeze system in that 


conduits normally are not used, as the 


cables are whipped or bound into looms 
Quick- 
release connector blocks take the place of 
plugs and sockets, except in situations 
where a plug and socket is the more ap- 
propriate form of connector to employ. 
The connector block and other details 
are shown in Figure 7. The connector 
block consists of a bakelite moulding de- 
‘signed as a three-way junction. The 
actual electrical connections take the 
form of a metal socket split along its 


longitudinal axis and having pressure. 
maintained by a central spring-loaded ~ 


wn 


Figure 3. Breeze plug and socket for 64- 
ampere conductor 


serew. Sockets may be either of single- 
tier or double-tier type. A series of con- 
nector blocks is built up as required into 
a bank by means of-a tie rod as illus- 
trated. Backing strips and covers are 
provided to prevent accidental short- 
circuiting of connections, and fixing feet 
are added as necessary. 

The prepared ends of incoming cables 
are soldered to metal nipples and these 
nipples act as the plug for insertion into 


the split sockets. 


The procedure adopted for installation 
of ‘this system into aircraft is as follows. 
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The cable looms for each section of the 
aircraft (see typical examples in Figures 


8 and 9) are suitably whipped and at- ~ 


tached to plywood -transport boards. 
These boards are carried into the aircraft, 
the lashings cut, and the loom run out 
into position and cleated to prepared 
positions on the air frame. The nipples 
are then inserted into the sockets on the 
connector blocks which previously have 
been installed in selected positions. Con- 
nector blocks and cable ends are identi- 
fied appropriately to insure correct as- 
sembly. Final tightening of the central 
connector screw on the block ensures a 
reliable electrical junction. 


THE STRIP SYSTEM 


The rapid increase in aircraft produc- 
tion imposed an increasing strain on the 
already overloaded facilities available 
for the production of the Breeze and Lu- 


Breeze panel, typical aircraft as- 
sembly 


Figure 4.. 


cas systems. The principal difficulty was 
in the number of machined parts required 
and the making up of the conduits or 
looms. As a means of overcoming these 
difficulties and to cater to the require- 
ments of new types of aircraft coming 
into production, the strip system was in- 
troduced. The feature of this system 
was that it relied more on pressed than on 
turned parts and employed multicore 
cables instead of conduits or looms. 
The name ‘‘strip system’’ was derived 
from the comprehensive use of a ten-way 
connector of strip form. 
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Figure 5. Typical breeze junction box 


Figure 6. Breeze 20-way terminal block 


The ten-way strip connector consists — 
of pressed-copper contacts, silver-plated _ 
and gold-flashed, attached securely to a 


are located in slots in the bakelite strip 
(see item 9 of Figure 10), Between the 
interiot surfaces of the contacts and 


4 


laminated bakelite strip. The contacts _ 


ib 


nested in the central holes in the bakelite — 


strip are stainless-steel springs edt d 


necessary contact resilience. Oo as- 
sembly holes—one square and the other. 


round—are provided in the bakelite strip. — 


The prepared ends of the ten-core cable 
are soldered to the contact- “strip extremi-_ 
ties. 

- Five sizes of ten-core cables are pro- 
vided for main-trunk lines and comprise 
an intelligent arrangement of 4-, 7-, and — 
19-ampere cores; rubber diélectric is. 
employed and the exterior sheathing is 
polyvinyl-chloride. 

Item 1 of Figure 10 shows a made-up 


cable assembly complete with its identi- 


fication markers and the necessary rub- 
ber grommet for attachment to a distribu-_ 
tion or junction box. 

The distribution and junction boxes 


vary only in that the former carries 


fuses whereas the latter is purely a 
‘‘break’”’ box. Figure 11 shows typical 
junction boxes for this system. The 
larger box has a bakelite base, teak sides, 
metal slides for accommodation of cable 
grommets, and a metal cover. The small 
box is an aluminum die casting. Covers 
of all boxes are provided with double 
gauze-protected breathing holes. 

On installation in the aircraft, the 
strip connectors with cable attached are 
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assembled on pillars provided in the dis- 
- tribution or junction boxes in accordance 
with a few elementary rules and instruc- 
. tions which appear on the box cover (see 
Figure 12). Assembly order therefore is 
identified fully. The height of the pillars 
is sufficient to accommodate a maximum 


number of five strips connector—nor-— 


mally two sets of incoming and outgoing 
* cables and a T-shaped cable. The con- 


 nector strips have their short ends painted 


either “‘red’”’ or ‘‘white’’ and like colors 

. always must be in physical contact and 

insulated from unlike colors. The ac- 
tion of screwing down ensures efficient 

electrical connection between connector 

_ sttips. When less than the maximum 
number of five strips are assembled, the 
"space remaining is made up by the use of 


bakelite backing strips (see item 4 of- 


Figure 10). Local single-core cables are 
_ attached to the strip connectors in simi- 
lar manner to the main ten-core cables 
as shown in item 10 of Figure 10. 
The principle of application of the strip 
' systems similar to that employed for the 
Breeze and Lucas systems. Looms of 
multicore and local cables complete with 
their strip connectors all appropriately 
identified are brought into the aircraft, 
and cleated into position on the airframe, 
and finally the strip connectors are as- 
sembled in the distribution or junction 
boxes previously installed. 
: Standard spare lengths of ten-core 
cable assemblies are available for replace- 
_. ment and repair purposes. 


. ‘Development of the Standard 
System 


The wiring systems just described 
have given reasonably good service 
under wartime conditions, but the exist- 
ence of at least three distinct and vary- 
ing systems of wiring presented difficul- 
ties of maintenance and storekeeping 
which can well be imagined. Considera- 
tion therefore has been given to the de- 
velopment of a standard system of wiring 
which could be applied comprehensively 
to all new types of British aircraft. The 
existing systems were examined critically 
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Figure 7 (left). Lucas 
loom-system | com- 
ponents 


Figure 8 (right). 
Typical Lucas loom 


Figure 9. Typical 
Lucas loom installed © 
on aircraft 


‘Figure 10 (below). 
Strip-system com- 
ponents 


to ascertain whether any of them could 
be adopted as the approved standard, 
but it was found that each exhibited 
weaknesses of greater or lesser degree. 
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The Royal Air Force and Fleet Air - 
representatives were consulted on 
experience of actual field conditions ; 
expressed a strong preference for ste id 
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ardization of a system akin to the Lucas 
loom system but with improvements in 
insulation value, resistance to corrosion, 
and maintenance facilities. This recom- 
mendation formed the basis on which de- 
velopment proceeded under the guidance 
of a committee representative of the 
Society of British Aircraft Constructors, 
the electrical industry, and the Director- 
ate of Technical Development of the 

Ministry of Aircraft Production.. The 
development of the standard system 
and components is not yet completed i in 
every detail, but the following is a de- 
scription of the main principles and com- 
ponent parts: ' 


1 “The main points which needed to be 


borne in mind during this development were: . 


simplicity of engineering, ease of production, 
flexibility to accommodate modifications, 
economy of weight and space, efficiency 
under all conditions of operations. The 


system is based on the use of single-core 


cables for general wiring, the reduction to 
the minimum of junctions and joints, and 
the use, as generally as possible where 
breaks are essential, of efficient connector 
“blocks. 


2. Connector blocks a cables up to and 
including 37-amperes capacity are of the 
“quick-release’’ form. A typical 19-ampere 
block is shown at Figure 13. It will be 
noted that this block conforms closely to the 
principle of the Lucas block and comprises a 
bakelite moulding dimensionally designed to 
give the maximum creepage path consistent 
with reasonable size and weight. Apertures 
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Figure 11. Typical 
strip-system junction 
boxes 


right through the block ensure free circula- 
tion of air, drainage of deposited moisture. 
and rapid drying. Molded-in inserts are 
provided for the reception of socket assem- 
blies, either single- or double-tier as illus- 
trated. The sockets are split along the 
longitudinal axis and pressure is controlled 
by a spring-loaded screw. All metal parts 
employed are noncorrodible. 


3. The 19-ampere blocks will be available 
in 2-, 8-, 5-, and 15-ways and covers are 
provided for use when required. Identical 
in principle, the .37-ampere blocks are 
slightly larger and are avaiable in two- 
and three-ways. 


4. Cable ferrules similar to the Lucas nip- 
ples are attached to the cable ends by being 
crimped to both the cable core and the dielec- 
tric, providing thereby a rigid bond and 
support for the joint. 


5. For cables of 64-ampere capacity and 
larger, a heavy-duty connector block will be 
provided. This consists of a _ bakelite 
moulding having a molded-in central pillar 
and a recess for the reception of the cables. 
Pressed cable lugs of the palm type are’ 
employed. These are assembled as required 
on the central pillar and securely clamped by 
a lock nut. There are no multiple combina- 
tions of this block. Attachment of lugs to 
the cable core normally is done by clamp- 
ing, but soldering is also demanded and 
preferred. 


6. Suitable hand crimping tools have been 
designed for attaching ferrules and lugs, 
but it obviously will be necessary to con- 
sider bench and power-operated tools when 
full production of the system arises. 


Figure 12 (left). 
Typical strip-system 
aircraft assembly 


Figure 13 (right). 
“Standard” system 
five-way: 19-ampere 

connector block 
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7. Junction boxes will not be used in con- 


nection with the standard system in situa- 


tions where the aircraft structure or a cover 
of simpler form than a box (for example, a 
canvas cover) provides sufficient protection 
for banks of connector blocks. For ex- 
posed positions, however, or in situations 
where mechanical damage is possible, stand- 
ard boxes will be provided which are de- 
signed to be splashproof and capable of 
draining away any accumulation of mois- 
ture due to internal sweating. 


8. Fuses generally will be mounted on 
panels and designs are in hand for combined 
fuse holder and connector blocks to cover 
the standard fuse range up to and including 
100 amperes. Above that capacity it is- 
probable that circuit breakers of the trip-— 
free type will be used. A standard identi- 
fication scheme also has been produced 
concurrently with the foregoing develop- 
ment and will become an integral part of 
the standard system. 


9. Cable looms will be prepared erie 
to the aircraft and installed in similar man- 
ner to that outlined for the Lucas system. 
The electrical installations for new types of 
aircraft now being designed will emplay, 
the standard system. 


Hitherto on British aircraft; there has 
been a general use of “‘cel’’-type cables. — 
These cables employ cellulose-lacquered 
cotton cambric as the external sheath — 
and rubber as the dielectric. In the past 

“cel” cables have given reasonably good — 
service, but there has been difficulty, 
under wartime production conditions in — 
ensuring the necessary high-grade finish 
of the sheath to resist attack by gasoline, : 


Cables ° ; < 


oil, and hydraulic fluid. Thereisnowa — 


tendency to employ poly vinylchloride 
as the external sheath in view of its. 
high resistance to action by these fluids. 
A further development now in the ini- 
tial stages has been occasioned by the 
gradually deteriorating quality of the 
rubber permitted for use as a dielectric. 
From this development sample cables — 
employing polythene as the dielectric 
have been produced and appear to be 
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“ ANNOUNCING the departure of trip 

23, Nashville-Memphis—Phoenix— 
Los Angeles, leaving at gate 6, all aboard, 
please.” In a matter of minutes after 


_ . this announcement an airliner departs on 


¥ 


+ 


of the trip is the result of their efforts in 


t 


schedule to carry some 5,000 pounds of 
passengers and cargo over rivers, moun- 
tains, and cities and to deposit them 
safely at the destination. Another 
routine flight has been made possible by 
the combined efforts of a small army of 
airline employees. 
Electrical engineers will be interested 


to know that a large part of the success 


_ the development of reliable aircraft elec- 

tric equipment. So dependent is the 

_ present-day air transport upon its electri- 

cal equipment that. without it airline 

operation as it is known today would be 
quite impossible. 

The foregoing statement is not to be 


' misconstrued to mean that an aircraft’s 
electrical system is essential for successful 


_ flight, since in aeronautical terminology, 


a distinction is made between the engine 
electric-accessory equipment necessary 
for engine operation, namely, magnetos, 
booster coils, ignition wiring, and so 
forth, and the remainder of the electric 
system such as the generators, instru- 
ments, lights, radio, and similar equip- 
ment. Although it is entirely possible 


to take off and fly an airplane without the 


aid of any of the latter equipment, long- 


Paper 44-196, recommended by the AIEE com- 
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distance flights or even flights extending 
beyond the visibility of the airport would 


be extremely hazardous except under the ~ 


very best conditions of daylight flight, 
with ceiling and visibility unlimited 
weather, and freedom from icing con- 
_ ditions. 

It is the purpose of this paper to pre- 
sent the airline operator’s problem of in- 
suring reliable operation of the aircraft 
electric equipment. This problem will 
be presented from the standpoint of op- 
eration of American Airlines’ fleet of 50 
Douglas DC-3 transport airplanes, the 
conventional 21-passenger low-wing all- 
metal monoplane. The following sta- 
tistics will give some idea of the magni- 
tude of the problem. During the year of 
‘1943 to 1944, some 449,556,248 passenger 
miles were flown with an average flying 
time of 10.2 hours per day per airplane. 
This flying was done over 8,369 miles of 
routes extending from New York to 
California and from Canada to Mexico 
and serving some 45 cities in that area. 

A glance at the organization. chart of 
American Airlines’ maintenance depart- 
ment (Figure 1) will show the arrange- 
ment which has been found necessary to 
accomplish the job of maintaining a fleet 
of airplanes. It is impossible to discuss 
the problem of aircraft electric-equip- 
ment maintenance without considering 
the entire system, inasmuch as the basic 
maintenance procedures are formulated 
from the operating experience with all 


fully planned to produce the maximum 
effect with the minimum cost. The 
following is.a thumbnail sketch of the 
maintenance system and procedures. 


Briefly, there are four stations desig- _ 


very promising. "An additional advan- 
tage accruing from the use of polythene in 
place of rubber is the possibility of elimi- 


nating the tinning of the copper cores. 


Conclusion 


From the foregoing it will be seen that 
developments are proceeding actively in 
Britain to provide electric-wiring in- 
stallations for aircraft which will be rea- 
sonably efficient in operation and capa- 
ble of being produced by wartime labor 
and production methods. The experi- 
ence of four years’ war operations in a 
variety of locations has been studied and 
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employed as the basis for this develop- 
ment. Among these experiences is that 
gained by British personnel in operating 
and maintaining American types of air- 
craft in which single-pole electric installa- 
tions are employed. Although until re- 
cently all British aircraft employed an 


insulated two-pole system, new types of | 


aircraft are being engineered on the 
single-pole . system employing the air 
frame as the negative return. The adop- 
tion of this practice will be advantageous 
from the points of view of weight saving 
and the ability to use electrical equip- 
ment which has been designed for this 
system of supply. 
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ministration has outlined in some detail 


ever, the application of such procedures 


the hour. One hour of service on a part 


components of the airplane and are care- 


nated as base stations, one 
bank, Calif.; Fort Worth, Tex.; Ch 
Ill.; and La Guardia Field, New 
N. VY. In addition all the overh 
cilities: shops, engineering, and a 
trative departments are located at 
Guardia Field. All other stations in 
system are commonly referred to as 
stations. 4 

The chief responsibility of the mainte- 
nance department is to keep the airplanes 
airworthy. The Civil Aeronautics Ad- 


airplane. A unit of equipment desig- 
nated as airworthy obviously must have 
a certain degree of reliability. The re- 
liability of an article can be controlled 
to some extent by the application of i 
spection and overhaul procedures; how- 


increases the cost of operation and some 

economic and workable balance must be 

obtained. : 
The airline’s yardstick of service is 


means that it has flown for that period of — 
time clocked from wheels off to wheels 
down and represents approximately 155 


Fd 


Electric-Equipment Overhaul Time 


Table |. 
Table ‘. 
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“igh 


~ Overhaul Period — 


Equipment Normal Max " 
Generator control box....... 400 a , % 
Landing-light bulbs......,.. 400....... 460. 
Starter motor..............Every engine change* 
Propeller-deicer pump mo- ‘ ; 

tors salon ele die fs Every engine change 
Generators........ . sees... Every engine change 
Tachometer indicators. .....Every engine change 
Carburetor-temperature i 

bulbsnis7) eee ee sas ute Every engine change 
Oil-temperature bulb........ Every engine change 
Thermocouple washer....... Every engine change _ 
Exhaust-analysis cell........: Second engine change 
Tachometer magneto. ......Second engine change 
Voltammeter............... Second engine change 
Pitot-heater ammeter....... Third engine change 
Fuel-quantity indicator, .....Third engine change 
Exhaust-gas-analyzer indi- 4 

feator Verena meee Fourth engine change 
Air-temperature gauges......Sixth engine change 
Carburetor-temperature re, _ 

SGUSES 5.502 stasis coals See Sixth engine nge 
Cylinder-head-temperature i : y a 

QaAues,... eae eee Sixth engine change 
Fuel-quantity tank units..... Sixth engine change | 
Oil-temperature gauges... .. .Sixth engine change 
Synchroscope.......... ists, Sixth engine change © 
Starter relays. ..... pete\biw ieee OOO Le ee ee OOO 
Argon-light dynamotor....., 1,500.......2,000 
Wing-deicer valve motors..., 1,500....... 2,000 
ee ean >” naviga- . 

ion lights...... abdiedes shite Peters $1510, eran 750 
Pitot heater........-....... 2608 Mee Ae Sood 
‘Master switches, battery..... 5,000..,....6,( 
Primer solenoids, booster 

COUS 5.415... «ates cce Ae 6;000* sea.ts .6,000 
Fuel-flowmeter power sup- ; 

BLY... »'s strotgieretetah tee 5; 000 Senmec 6,000 
Landing-light relays........ 6,500.......8,000 
Electric system, including } 

conduit, wiring, junction 

boxes, lights, switches, 

and so forth ee er ... (Airplane overhaul) | 

; 6,500.......8,000 _ 
Batteries.........,........Lifeof battery t 


* Engine-change peri in 
period—normal—750 hours; 
mum—775 hours, 2h : mtd 
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niles of flight. Every airplane is sub- 
ected to a total of four types of inspection 
nd one period of overhaul. The most 
requent inspection is the service inspec- 
ion which is conducted at every regular 
chedule stop and which consists of a 
isual check of the airplane’s control 
urfaces and propeller blades, and a check 
f the oil and gasoline in the tanks. At 
hat time any pilots’ complaints are acted 
ipon where necessary to render the air- 
taft airworthy. This inspection will 
yecur on the average of every two hours 


the valve clearance and of cylinder com- 
pression. The calibration of the exhaust- 
gas analyzer (fuel—air—ratio indicator) is 
checked by passing a test gas of known 
ratio through the analysis cell (Figure 3). 


The major inspection covers some 100 


items of the aircraft. 

In addition to the various airplane in- 
spection periods the maintenance proce- 
dure requires that every component of 
equipment be overhauled periodically. 
The time between overhaul for any ac- 
cessory is determined primarily by the 


- DIRECTOR OF 
MAINTENANCE & OVERHAUL 
ASSISTANT DIRECTOR OF 
; MAINTENANCE & OVERHAUL 


SUPERINTENDENT 
MAINTENANCE 
MILITARY 


[MAINTENANCE FIELD) | MAINTENANGE FIELD 
caer ae | [vee cae | [ceviae 
. NeW you FORT WORTH AGO 


af flying time and approximately four 
imes a day for each airplane. 

The next regular inspection is desig- 
1ated as a line or base inspection, de- 
ending upon whether the aircraft is at 
2 line or base station. This inspection is 
ziven to every airplane which has ter- 
minated its flight schedule or if a flight 
1as been cancelled for a.period of ten 
1ours or more. Two men spend approxi- 
mately five hours in making a compre- 
Jensive visual inspection of the air- 
sraft’s exterior and of its interior acces- 
sory equipment. At this time a func- 
‘tional check of the electric system is 
made, and the airplane’s storage batteries 
ire replaced with freshly charged bat- 
teries. All units are checked for their 
replacement time and are changed if 
aecessary. Each aircraft receives a line 
or a base inspection at least once every 
24 hours (Figure 2). A base inspection is 


sssentially a duplication of the line in- 


spection with the addition of a few more 
somplete functional checks made pos- 
sible by the use of test equipment lo- 
sated at the base stations. Approxi- 
mately 75 items of equipment are re- 
viewed at the time of a base inspection. 
A major inspection is given each air- 
raft when 200 hours of flight time have 
een accumulated with a maximum limit 
xf 230 hours since the last major inspec- 
‘ion. A major inspection is performed at 
1 base station and requires approxi- 
nately 100 man-hours. It is a repetition 
of the aforementioned base inspection 
with the addition of a functional check 
of the hydraulic and landing-gear system 
with the ship on jacks. A more compre- 
lensive engine inspection is made and 
-onsists of an oil change and a check of 
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Figure 1. = Organization 
chart of American Airlines’ 
maintenance department 


past service experience with that equip- 
ment. Furthermore, wherever possible 
this time is adjusted to coincide with one 
of the inspection or engine-change pe- 
riods. Asit turns out most of the periodic 
teplacement times are equal to or mul- 
tiples of the engine-change period. This 
period at the present time is 750 to 775 
hours. Those electric accessories which 
form a part of the engine-mount assembly 
are expected to give reliable service for 
at least the engine-change period, thereby 
facilitating the handling of such parts 
during their replacement. These units 
include the aircraft engine-driven gen- 
erators, starter motors, magnietos, 
booster coils, resistance-type temperature 
bulbs, and tachometer generators. The 
engine spark plugs are the outstanding 
exception to this program, requiring re- 
placement every 60 hours. ; 

Other electric equipment not mneces- 
sarily a part of the engine assembly also 
is removed during engine-change pe- 
riods and at various multiples thereof. 
Table I indicates the various times at 
which the different items of electric 
equipment are removed for overhaul. 

It is interesting to note the increase in 
engine-change periods during the past 
six years as this is a factor which directly 

¢ 
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Figure 2. Battery service at line inspection 


Figure 3. Exhaust-gas-analyzer-cell installa- 
tion 


affects the periodic replacement time for 
the majority of electric equipment 
(Figure 4). That is, if the overhaul time 
of various accessories could not be ad- 
vanced with the engine-change time, the 
entire maintenance program would be 
seriously inconvenienced. There has 
been some discussion in regard to raising 
the engine-change time to 1,000 hours, 
and it is not unreasonable to expect such 
a change in the next few years. In view 


ENGINE OVERHAUL PERIOD— HOURS 


G-102 ENGINE 


1938 1939 1940 i941 
YEARS 


Figure 4. Trend of engine-overhaul period 
Wright G-2 and G-102 engines 


1942 


1943 1944 
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Figure 8. Electric-instrument calibration bench 
Figure 9 (right). Bench test of electric-motor-driven accessories 


Figure 10 (lower right). Generator and control-box test stand 


pe 


Spark-plug overhaul 


Figure 11 (above left). Starter-motor test stand Figure 12 (left). Magneto test stan Fi 13 
igure 13. 


® 
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Figure 15 (top). Center sec- 
tion, electrical junction box 


Figure 14. Electric-instrument-panel removal at Figure 16. _ Pilot's elec- 
overhaul tric switch panel Figure 17. Main electric junction box 


Figure 18. Rear view of instrument panel of Figure 19. Individual-seat-light Figure 20. Fabricating electric conduit for replace- : 
Douglas DC-3 airplane ~ installation ment 


Engine electric-harness overhaul 


Figure 22 (above right). 


Figure 23 (right). Engine ignition-harness overhaul 
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Figure 24. Space available for servicing en- 
gine electric accessories 


of this trend in engine-change period, it is 
somewhat disappointing to note the 
newly created Army-Navy and other 
specifications setting the continuously 
operating time requirement for accessory 
equipment at 400 hours. It sincerely is 
hoped that the aircraft electric-equip- 
ment manufacturers will design for the 
1,000-hour mark so that their equipment 
will fit in with the expanding airline re- 
quirements. In this respect the manu- 
facturer should consider that the airline 
operator must balance maintenance ‘cost 
against the operating cost and that, in 
some instances, the heavier but less 
troublesome article is the less expensive 
in the long run. 

The actual overhaul procedure to 
which each unit is subjected is determined 
largely by the service experience with 


the unit. However, in many cases it 
corresponds 100 per cent with the manu- 
facturer’s service instructions. Figures 5 
through 13 illustrate typical overhaul 
procedure on a number of electric items. 
After approximately 6,500 hours and 
not more than 8,000 hours of operation 
the airplanes are brought in to New York 
for a ship overhaul. In addition to all 
the structural inspection and repair the 
remainder of the electric system,’ 
namely, conduit, wiring, junction boxes, 
switches, and so forth, is inspected and 
replacements are made where necessary 
(Figures 14 through 23). In general the 
aircraft conduit and wiring in the engine 
nacelle compartment must be changed 
at this time. The fuselage conduit and 
wiring, however, has been found in satis- 
factory condition after 18,000 hours (ap- 


Figure 25. American Airlines’ daily opera- 
tions chart 
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‘removal of stress plates, miscellaneout 


ite in the engine section, comm only re: 
ferred to as the engine harness, must be 
replaced at each engine-overhaul period 
Up to this point we have discussed + 
ideal maintenance procedure in regar 
to inspection and replacement of equip: 
ment for overhaul. Supplementing t 
problem is another in which provision 
has to be made for replacement of un 
which fail in service. Briefly the prob- 
lem is one of stocking a sufficient number 
of spare units at strategic stations, 
number of units and stations being de 
termined from past experience, so that 
flight schedules will suffer a minimum of 
interruption. In addition some me; 
must be provided for returning the used 
part to New York where it will be ove 
hauled and returned to service. In order 
to expedite the movement of these p: 
it is necessary to ship 60 per cent of th 
by airplane to New York. It might 2 
pear on the surface that the airlines a 
saving themselves a transportation bill; 
however, such reasoning is fallacious im- 
asmuch as the present operation at high- 
load factors places a penalty on any addi 
tional weight which does not result in 
increase in revenue. American Airlines 
estimates the addition of one pound of 
such weight to cost approximately $88 
per airplane per year. = | 
It is because of the necessity for re- 
placements of units in the field that the 
airlines have placed so much emphasis 


upon design of equipment and installa> 


tions for ease of maintenance. It is im- 
portant to note that design for easy sery- 
icing requires the co-ordination of both 
the equipment and the aircraft manufac- 
turer. That is, an aircraft accessory can 
be designed with the most effective quick 
disconnect features, but, if it is so im 
stalled on the aircraft that it requires’ 


lines, and other items of equipment be 
fore it can be reached, it is obvious that 
the maintenance problem has not been 
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Figure 26. Avirplane routing office 


equipment manufacturer owes it to him- 
self to follow up on the installation of his 
equipment in order to insure that the 
installation of his product is not unfavor- 
able to its ready servicing. This is par- 
ticularly important when the unit of 
equipment is of such nature that it re- 
quires frequent servicing. We might 
cite as an example the spark plug for 
which an installation was designed re- 
quiring the removal of considerable 
ecowling. Removing one spark plug ne- 
cessitated approximately nine man-hours 
of labor. Asa matter of fact it is this type 
‘of design which is giving impetus to the 


creation of readily removable engine-. 


mount assemblies, since it appears that 
it would be quicker to change the entire 
engine than it would be to change the 
spark plugs. 

The entire maintenance system would 
be impossible without a smoothly run- 
ning record and report system. The goal 
of this system is to record all changes and 
inspections made to the airplane and its 
parts so that it is possible to determine 
at any time when a part was removed or 
installed on an airplane; its identifying 
serial number; the mechanic who re- 
placed the part; and the complete over- 
haul history of the unit, including the 
trouble found, correction made, and the 
mechanic who did the work. Some idea 
of the scope of this system can be gath- 
ered from the fact that there are some 65 
parts in each airplane of which overhaul 
records are kept. 

Equally important is the job of the 
maintenance dispatch office which has the 
responsibility of controlling the schedul- 
‘ng of airplanes so that they will be at 


Decemper 1944, VOLUME 63 


‘inspection of the airplane. 


arena 


; co 
TERM ANIONS ss 


. | VICE PRESIDENT 
ENGINEERING 


ASSISTANT TO 
VICE PRESIDENT 
ENGINEERING 


DIRECTOR OF DIRECTOR OF 
AIRCRAFT 
ENGINEERING ENGINEERING; 
CHIEF CHIEF GHIEF 
PLANT | MATERIALS AIRCRAFT 
ENGINEER ENGINEER ENGINEER 


their proper stations within the desig- 
nated limits of time for inspection pe- 
riods, engine-change periods, and over- 
haul periods. Some idea of the scope of 
this job can be obtained from Figure 25 
which illustrates the various scheduled 
routes over the system. Each base sta- 
tion furnishes a daily report by radio- 
gram listing the scheduled routing of all 
airplanes in its individual control sector. 
This information includes data on engine 
time since overhaul and time since the last 
From this 
mass of data the maintenance dispatcher | 
issues routing instructions which are de- 
signed to bring the airplane to an ap- 
pointed station in time for this required 
servicing (Figure 26). In spite of the 
complexity of the system, the average 
engine-change time of 42 engines for the 
month of April 1944 was exactly 750 
hours. 
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ASSISTANT TO 
VICE PRESIDENT 
ENGINEERING 


ciated equipment. 


This discussion would not. be complete » 


without a word about the activities of the 
airline’s engineering department and a 
brief description of its functions. In a 
broad sense the engineering department 
acts as a technical consultant to the main- 
tenance department with the object of 
improving the service life of the equip- 
ment and thereby increasing the effi- 
ciency of the operation. A service-report 
system is utilized to keep both the main- 
tenance and engineering departments 
informed of the current difficulties. 
These reports are initiated in the field at 
the time the trouble is experienced and 
include all pertinent information which 
will be of value in the determination of 


suitable corrective action. 


Not only is the existing equipment un- 
der constant investigation for possible 
improvements, but also a weather eye is 
kept on the industry at large to utilize 
the fruits of improved design in order to 
obsolete less satisfactory equipment. 
It is the engineering department’s respon- 
sibility to maintain contact with all par- 
ties concerned in the design and manu- 
facture of the aircraft and to negotiate 


Figure 27. American Airlines’ 
engineering-department organiza- 
tion chart 
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desirable improvements in any of the asso- 


The organization of 
American Airlines’ engineering depart- 
ment is shown in Figure 27 and illus- 
trates the degree of specialization which 
is necessary in order to adequately cover 
the broad field of engineering which. 
makes up the modern air-transport sys- 
tem". ; 

It is hoped that the foregoing. discus- 
sion will have served its purpose of bring- 
ing home to the aircraft electric-equip- 


ment designer a picture of the end use - 


of his product. More important, how- 
ever, is the designer’s recognition of the 
fact that his equipment must fall into a 
predetermined pattern of inspection and 
overhaul procedures which are not neces- 
sarily set up to accommodate his particu- 
lar equipment but rather to provide an 
economical method of insuring the air- 
worthiness of the complete airplane. 
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the tremendous advantages 


Electric Connections on Aircraft: 
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N electric system is as good as its 

electric connections. Poor electric 
connections on aircraft easily can cancel 
obtained 
by the use of electric systems. Little 
attention is given to this unglamorous but 
vital subject because of the more absorb- 
ing and interesting details of the electric 
system as a whole. Only after an un- 
expected and disconcerting electric-con- 


' nection failure in service does the engi- 


neer realize its importance. Such fail- 
ures on domestic appliances are not gener- 
ally serious but on aircraft may involve 
many lives, much valuable equipment, 
and, in fact, the success of our war effort. 

This paper describes factors and design 
details which must be considered in the 
design of successful electric connections 
on aircraft. 


Types of Electric Connections 


Electric connections may be listed 
according to their service as follows: 


1, Permanent type. 


(a). Soft soldered. 

(5). Hard or silver soldered. 
(c). Welded. 

(d). Crimped. 

2. Semipermanent type. 
(a). Screw and terminal. 
(6). Stud and terminal. 

(c). Special. 


3. Quick disconnect type. 
(a). AN connector. 
(b). Other special types. 


4. Sliding connections, 
5. Operating connections. 


The effects of different kinds of metals, 
alloys, or electrolytes in the circuit usu- 
ally can be neglected except for thermo- 
couple and other similar low-voltage cir- 
cuits. These exceptions require connec- 
tions to be made with like materials, or 
they may require a design in which paired 
junctions are always at the same tem- 
perature. For example, a soldered joint 
making a connection between two copper 


wires will cause little difficulty when the 


two junctions are close together, except 


FUSED COPPER 
CONNECTION 


Figure 1. Flame-welded connection between 
two enameled wires with a twisted portion for 
mechanical support 
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in the most critical circuits. Clamped 
or welded connections between like ma- 
terials are required where undesired 
thermal electric voltages’ are to be 
avoided. 


PERMANENT TYPES 


Soft Soldered. In spite of the fact 
that the art of soft soldering electric con- 
nections is relatively old in the electrical 
industry, it still must receive constant 
attention in production lines beginning 
at the point where the insulation is 
stripped from the wire. 

The preliminary insulation stripping 
operation preferably should be accom- 
plished without nicking, swaging or scrap- 
ing any strands in the wire. The in- 
sulation on aircraft wire per AN-J-C-48 
should be cut evenly, leaving the wire 
clean and free from insulation. For 
high-quantity production, automatic ma- 
chines have been devised for cutting the 
wire to length and removing the insula- 
tion from the ends. Because of variations 


Figure 2. Screw terminal block 


' 


in wire size and stranding and variation 
in adjustment of the cutting knives, it 
is practically impossible to prevent oc- 
casional nicked or scraped strands. The 
following rules have been set up in some 
production lines’ to aid in inspecting 
stripped wires: 


1. Not more than ten per cent of the num- 
ber of strands can be nicked. 


2. Strands which are scraped or swaged 
not more than 25 per cent of the diameter are 
acceptable. 


3. If it is assumed that the nicked strands 
may break- during assembly, the following 
maximum number of broken strands after 
assembly are allowable: 


= 


Strands Maximum Allowable 
in Wire Broken Strands 
PER cc a3 ITO ee 
ROIS IRTs 5. ator Plates ste. cee 1 
Nas i PORE OR Wi 9 «eee eee 2 
Olio. «+ Ate is + hemi oe 2 


Hand-operated wire insulation strippers 


may be used for laboratory purposes, 
service work, and so forth, but are sub- 
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wire. 


ject to the same dangers of nick ing 
scraping. pee 
The design of the wire insulatin, 
can have appreciable effect on the « 
of stripping. The first or separator lay 
can be made of material such as num 
400 electrical tape which will rup’ 
readily and allow the other insula 
layers to slide off the wires easily when 
they are cut. The stripping knives» 
can be set to the outside diameter of 
wire plus the separator layer which re- 
duces the possibility of damaging the 


Insulation also may be removed b 
burning with electrically heated blades at 
the desired point, allowing the insulatio n 
to cool, and pulling the insulation 
the end of the wire. The interval 
cooling is necessary so that hot and 
softened insulation, such as Flamenol, 
will not be forced between the strands. — 

Enamel can be removed safely from 
single fine wires, 0.004 inch or smaller 
by rubbing with fine emery or crocus 
cloth. Chemical means may be used to 
remove the enamel, provided the chem 
cal is subsequently thoroughly was 
off. The enamel on stranded enam 
wire may be removed by heating the wit 
and dipping the hot portion into Se 
natured alcohol. __ = 

After the insulation has been removed 
from the end of aircraft wire (per A N-J-C- 
48), it is preferable to twist the strands 
tightly together in a production twisting 
machine. They are then dipped into a 
rosin and alcohol soldering flux and into 
a solder pot. This extra‘‘tinning” opera- 
tion saves much time in a production: 
line because the strands of the wire stay 
in place while the mechanical connection 
is being made. is 

When making connections betwee 
wires and vacuum-tube socket or similar 
terminals, the wire should be looped 
through eyelets or slots and wrap | 
around to give a mechanical support 
before soldering to the terminal. __ 

The soldering operation is completed — 
by applying flux, heat, and solder to the 
wire and terminal so that the solder wets _ 
the metal surfaces. The joint must cool — 
so that the solder freezes solid before any — 
strain is applied to the joint. 
relative movement between the wire 
terminal during the freezing renders 
connection mechanically and electrice 
weak. 

Rosin or rosin in aeeied is 
flux which has proved satisfact 
aircraft electric connections. The 
mum ‘amount of flux should 
Rosin-cored wire - solder having ‘Osi 
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Figure 3. British wire terminal having com- 
bination screw, crimped, and clamped features 


five per cent or less of the cross-sectional 
area can be used conveniently. When 
soldering near electric contacts, care 
must be used to prevent the rosin from 
splattering or running onto the contacts. 
Excess rosin may flake off onto contact 
surfaces after it has dried out, which is 
an important reason for using the mini- 
mum flux. The soldered connection 
may be cleaned with alcohol to remove 
all excess rosin, or it may be coated with 
a colored lacquer or Glyptal paint to 
_ prevent corrosion and flaking of the rosin. 
' Excess solder on a joint is not only 
wasteful, but also may cover a poor joint. 
A beautifully rounded ball of solder 
on a joint is to be avoided. The form of 
the strands of wire should show on a well- 
soldered joint, with fillets of solder be- 
tween strands and terminal indicating 
a thorough wetting by the solder. 
~ Hard or Silver Soldered. This type 
of connection is normally used only on 
circuits which are subject to temperature 
higher than the softening point of the 
soft solders. It is very important that 
the fluxes be thoroughly removed to 
_ prevent corrosion in service. 

Welded. Both spot and flame weld- 
ing are used extensively for special con- 
nections. Spot welding requires a very 
high grade of control to insure satis- 
factory joints because it is difficult to 
determine the quality of the joint by 
visual or nondestructive means. 


Figure 4. British terminal block using wire 
terminals having combination screw, crimped, 
and clamped features 
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One successful production method of 
connecting copper wires larger than 
0.010 inch consists in twisting the wires 
together for mechanical support and 
melting the ends of the wire down to a 
ball with a hot flame as shown in Figure 1. 

With Formex or enamel insulated wire, 
it is not necessary to remove the insula- 
tion when using this method. 

Crimped. Several types of crimped 
connections have been developed for 
use between wires and terminals. These 
have the advantages of eliminating flux 
and solder troubles and speeding up pro- 
duction. Some types are crimped on 
both the wire strands and insulation to 
form a very good mechanical support. 
Standard crimped or solderless types for 
aircraft use are specified under Army— 
Navy Aeronautical Standard AN-659. 
One new type recently put on the market 


Figure 5. British terminal block for quickly 
disconnecting circuits 


has an insulating coating on the crimped 
portion which eliminates the necessity 
of covering the terminal shank with an 
insulating sleeve. — 

The quality of the connection obtained 
with solderless terminals is difficult to 
determine by visual inspection. The 
size of the terminals and crimping tools 
must be held to close tolerances which 
have been proved to produce satisfactory 
joints by destructive tests. The crimp- 
ing pressures and the physical character- 
istics of the crimped tube must be care- 
fully controlled. One type of crimping 
tool cannot be used with all makes of 
terminals because of differences in size 


Figure 6. New type 
of stud terminal 
which clamps di- 
rectly on the wire 
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and design. The National Aircraft Stand-- 
ards Committee and Army and Navy 
are taking steps to obtain standardized 
types and tools, but at the present time 
best results are obtained by using the 
tools and methods according to the ter- 
minal manufacturers’ recommendations. 


SEMIPERMANENT TYPES 


Screw and Terminal. Screw ter- 
minals are used where space is restricted, 
and the currents are limited to about 30) 
amperes. Figure 2 shows one style 
which is used extensively. The number 
of connections which can be made under 
the head of a screw is limited by the 
length of the screw. Generally two con- 
nections are the maximum. It is also 
advisable to use a split spring lockwasher 
between the screwhead and connecting 
terminal, 

A combination screw, crimped and 
clamped terminal connection used om 
British aircraft, is shown in Figures 3 and 
4. This design has several obvious ad- 


vantages in assembly and servicing. The 


wite terminal is a cylindrical design 
which is crimped on the wire and insula- 
tion. This is held by a simple screw- 
clamp arrangement which can be re- — 
moved from the terminal board as shown. — 

Another British terminal block design 
for disconnecting circuits quickly is 
shown in Figure 5. Circuit isolation for 
testing, repair, and so forth, may be 
accomplished quickly by pushing the 
button in the terminal block and twisting 
90 degrees. 

Stud and Terminal. Stud-type ter- 
minals are the most reliable of all types. 
They will carry the highest currents and 
are the least subject to vibration. This 
is borne out by experience on aircraft 
generators on which stud terminals have 
replaced AN connectors. 

The National Aircraft Standards Com- 
mittee has issued standards on stud con- 
nectors mounted in special panels, rang- 
ing from number 6 screw studs to three- 
eighths-inch-diameter studs. These are 


‘described in National Aircraft Standards 


17 through 22, inclusive. 

A new type of stud terminal which 
clamps directly on the wire strands re- — 
cently has appeared on the market and 
is shown in Figure 6. , This eliminates the 
necessity of applying a terminal to the 
wire when making a connection, but the , 
wire would be damaged if frequent re- 
movals from the stud were required. 

Special. Ground connections or 
frame connections which are part of an 
electric circuit, and radio shielded con- 
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n- and socket-type connector 
with “banana” pin construction 


Figure 7. 


nections may be classified as special 
semipermanent types. In addition, 
many moving metallic parts on aircraft 
must be electrically connected together 
with low-resistance connections in order 
to reduce electrical disturbances which 
catise noise in the radio receiver. Special 
bonding techniques have been developed 
for making these connections. A flexible 
stranded bare cable with crimped or 
soldered terminals is generally employed. 
The connection between the terminals 
and the stationary and moving parts 
presents problems due to the different 
metals and surface finishes. A stable 
connection with not more than 0.0005 
ohms resistance is generally required. 
At the same time, the parts must not be 
subject to galvanic or normal corrosion 
‘due to climatic conditions. Protective 
finishes on aluminum and magnesium 
alloys must be removed in order to ob- 
tain the low-resistance connection, and 
the completed connection must be pro- 
tected against corrosion. Pure alumi- 
num washers are used between metal 
combinations subject to galvanic action, 
such as magnesium and copper. Paint- 
ing the entire connection with zinc- 
chromate primer or similar material 
provides reasonable protection. 

Tinned bronze lockwashers with ex- 
ternal teeth (A N-936) can be used be- 
tween the terminal and part to be bonded 
to provide a low-resistance connection 
by the multiple point contacts which are 


thereby obtained. Some practices rely 


on these washers to cut through insulat- 
ing surfaces, such as the coating on ano- 
dized aluminum alloys, without any other 
preparatory cleaning of the surface. 
Electric motors, generators, and other 


Figure 8. Typical sockets used on AN con- 
nectors 
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electric devices may use the frame to 
carry one of the circuits to a supporting 
part. Both mounting surfaces must be 
cleaned thoroughly in order to make a low- 
resistance metallic contact. The edges 
of the mounting surfaces must be pro- 
tected at assembly by zinc-chromate 
primer or equivalent to prevent corrosion 
from attaching at these unprotected 
points. he 
The radio shielding of sources emitting 
strong radio interference, such as an air- 
craft-engine ignition system, presents 
a connection problem which requires 
accurate mechanical positioning of the 
parts in contact and joints that are 
watertight. Plain flat surfaces at the 
joints provide openings between the 
bolts a few tenths of a mil wide through 
which radio noise leaks. A continuous 


electric contact completely around the 
joint has been found necessary to keep 
radio noise contained within the ignition 


Figure 10. Disassembled German 20-circuit 
connector 


system. This can be accomplished by 
cutting a square groove in one joint sur- 
face and inserting in that groove a round 
resilient braided wire-covered gasket. 
When the joint is assembled the braided 
gasket is forced to contact the flat sur- 
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faces by the resilient material inside th 


braid. A second method for obtaini: 
continuous electric contact around 
joint makes use of a flat gasket consis 

of wire screen impregnated in Neoprene. 
This gasket has been found to be le 

effective than the round braided gasket 
and leaks radio noise under certain 
conditions. 


Quick-DisconnECcT-TyPE CONNECTORS 


When electric apparatus must be 
quickly and frequently disconnected, 
special quick disconnect types are used, 
Some degree of reliability is usually 
sacrificed to obtain the quick disconnec 
feature. Numerous and varied dest 
have been made since the beginning 
the electrical industry. In an eff 
to standardize, the joint Army—N 
specification AN-9534 was issued. 
supplement this specification and obtain 
improved designs, specification A N-W- 
C-591 was issued and is under revisior 
at the present moment. Before dis- 
cussing the merits of the AN connectors 
it might be well to consider basic de- 
signs. at 

Simple Direct-Pressure Type. This’ 
type consists fundamentally of two metal- 
lic parts which are held together by direct 
pressure to make the circuit. Generally 
three points of contact between the 
metallic surfaces carry most of the-cur- 
rent. The contact surfaces easily may 
be inspected and cleaned. Dirt may 
come between the surfaces and prevent 
electric contact. a ee 

Pin and Socket Type. This ty 
consists of a pin which slides into a soc! 
and incorporates means for maintainin 
radial pressure between the pin and 
socket. The pin can be inspected and 
cleaned without difficulty. The socket 
surfaces are difficult to inspect, but they 
may be cleaned by special means. 

In a few designs the spring pressure is 
obtained in the design of the pin, as for 
example, the ‘“‘banana’’ pin construction 
shown in Figure 7. A split pin con- 
struction also has been used but is wea 
mechanically. ; 

The most common types of pins and 
socket connections use solid pins and a 
socket which, by its design, applies spring 


Figure 11. ‘Rear view of German 20-circuit 
connector plug showing connection terminal: 
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pressure to the pin. A wide variety of. 


socket designs have been developed, a 
number of which are shown in Figure 8. 
A Japanese socket design is shown in 
Figure 9. This was a split-screw ma- 
chined socket with the addition of a 
helical spring at the end of the socket 
and a C-shaped cylindrical spring on the 
body. Our experience in the operating 
field has shown that the use of these de- 
signs should be limited to circuits carry- 
ing less than 60 amperes. A discussion 


of AN connector design will be given later 


in this paper. 

Sliding Contact Type. A connector 
design found on recent German aircraft 
is shown in Figures 10, 11, 12, 13, and 14. 
A pin is molded in the surface of the 
receptacle which makes a sliding contact 
with a flat type of spring contact on a 
molded plug. This design is one of the 
few in which the connecting surfaces 
easily can be inspected and cleaned. The 
receptable plugs are held together by a 
simple toggle spring arrangement, as 
shown, and a synthetic rubber gasket 
provides a tight seal to prevent water 
from entering. 


AN CONNECTORS 


At the time this paper was written, A V 
connectors were described in specifica- 
tions AN-9534a and AN-W-C-d591. It 
is assumed that the reader is familiar with 
these specifications. Our experience in 
using AN connectors made by a wide 
variety of manufacturers, according to 
these specifications, in all types and sizes, 
indicates that the specifications are 
woefully inadequate for the insurance 
of obtaining satisfactory AN connector 
performance. The successful operation 
of AN connectors in the combat field has 
been due mainly to the choice of avail- 
able connector designs and extra inspec- 
tion before assembling in equipment.. 

One of the weakest parts of AN con- 
nector design from practical considera- 
tions has been in the socket. A satis- 
factory socket design must be one which 
cannot be damaged by inserting the pin 
at any angle which may be obtained dur- 
ing the process of mating the parts. It 
should not be damaged by test pins such 
as are used on circuit testing instruments. 


Figure 12. Plug-side view of German 20-cir- 
- cuit connector 
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Several successful designs use a solid ring 
at the entrance end of the socket to guide 
the pin into place (see Figure 8). An 
oversize test pin cannot be inserted in 
such a socket. Other successful types 
use auxiliary springs and bands to main- 
tain positive contact. The sockets may 
be inserted in a molded phenolic insulator 
which limits the possible motion of the 
sprung sections of the socket so that they 
do not go beyond the elastic limit. 
Adequate locking means to hold the 
plug and socket together are needed. 
Safety wire through a hole in the coupling 
nut to a mounting screw is very effective. 
Complete 100 per cent inspection of AN 
connectors is imperative. Inspection de- 
tails to be noted may be listed as follows. 


CONNECTOR SHELLS 


1. The shells shall have a good appearance 
with no porosity, blow holes, burrs or cracks. 
All sharp corners shall be broken with a 
1/¢4-inch radius unless otherwise specified. 


2. The shell shall be of sufficient thickness 
so that the connector will be plugged to its 
mating unit in the correct position only. 


Figure 13. Socket of German 20-circuit con- 
nector 


3. The shell tongue shall have enough 
thickness and strength so that it will not 
break in use and will allow the connector to 
be plugged to its mating unit in the correct 
position only. 


4. The shell, when spun over the phenolic 
insert, shall be so spun that stresses are not 
set up in the insert which cause the insert 
to break or shear. 


5. Information stamped on the shell shall 
be correct and easily legible. 


6. The snap-ring slot in the shell or in the 
coupling nut shall have square sides with 
sufficient width and depth so that the snap 
ring cannot pull, slide, or twist out of the slot 
during use of the connector. A special slot 
which wedges the snap ring against the cou- 
pling nut when the nut is tightened has been 
found to be very effective with some designs. 


7. The shell threads shall be centered 
properly on the shell so that they are not too 
deep on one side and too shallow on the op- 
posite side. The threads shal] not be broken 
nor contain broken-out sections, and the 
threads on half of the shell shall be in com- 
plete alignment with those on the other 
half. Burrs on the threads at the casting 
parting line shall be removed. 


8. The threads on all connectors shall be 
bare, except for antiseize compound, and 
shall have no varnish, shellac, paint, or 
anodic treatment. 


9. The antiseize compound on the threads | 


Stebbins, Taylor—Electric Connections on Aircraft 


Figure 14, 


Assembled German 20-circuit 
connector 


shall not contain grit and shall conform to 
AN specifications. 


10. Flanges on the inner parts of the shell 
shall be square and shall project sufficiently 
to prevent an inner shell or phenolic insert 
from pushing or pulling out of the shell. 


11. The connector having split shells shall 
be so held together by sufficient supports, — 
and so forth, that the inner shell or phenolic 
insert cannot be forced out of the connector. 


12. The coupling nut shall be so fastened 
to the shell that it can be tightened 
thoroughly with pliers without pulling from 
the shell. 


13. Springs on split-shell connectors shall 
be of sufficient strength so they do not break 
nor slide out of position. 


PHENOLIC INSERTS 


1. The phenolic material shall not be brit- 
tle. The pins and sockets shall not push out 
of the phenolic backing disk nor pull through 
the front of the phenolic insert during plug- 


ging and unplugging of the connector. The 


phenolic guide tongues, slots, edges, phenolic 
material between contacts, letters, shoulders, 
flanges, and ridges shall not fracture during 
connector use. 


2. The phenolic material shall be an insu- 
lating material and must not contain metal 
dust, metal chips, or other conducting ma- 
terial that will allow short circuits between 
contacts or between contacts and shell. 


3. The phenolic insert shall be so designed 
and built that all contacts are located prop- 
erly according to A NV drawings, and all pins 
of the same size must protrude the same 
amount inside the shell. 


4. The phenolic backing disk shall have a 
slot fitting to a tongue in the shell, or vice 
versa, which will make it possible for the 
backing disk to be assembled in the correct 
position only. 


5. The manufacturer of the connector shall 
assemble the phenolic insert of the socket- 
type connector with the backing disk of the 
socket-type connector, not with the backing 
disk of the pin-type connector, and vice 
versa. When the backing disks are incor- 


AN connector after 96-hour 
humidity test 


Figure 15. 
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Figure 16. Sample Monowatt Electric Cor- 
poration AN snap-in-type connector 


rectly assembled, the connector lettering is 
reversed. 


6. The tongue on the phenolic insert shall 
be large and strong enough so it cannot shear 
or break off. This difficulty is still being 
experienced on size ten connectors without 
supporting shells on phenolic inserts. 


7. The holes for the metal sockets in the 
phenolic inserts shall be of such size and 
shape that the metal socket can readily ac- 
commodate itself to the pin without the pin 
sliding down the outside of the socket. 


8. With the connectors of the molded in 
pin design, the phenolic material must not 
shear from the pin shoulders and allow the 
pins to push through the sockets, for all 
pressures on the pins up to ten pounds. 


9. The lettering at the front and rear of 
the pin insert must coincide with that at 
the front and rear of the socket insert. 


10. It has been found desirable to have all 
the solder cups face in one direction. 


11. The phenolic insert is not to push nor 
pull out of the connector shell during plug- 
ging or unplugging of the connector with 
its mating part. 


CONTACTS 


1. The pins must be of a strong durable ma- 
terial that will not bend nor break because of 
possible forcing or twisting when the con- 
nector is plage or unplugged to its mating 
part. 


2. whe pins shall have a durable plating of 
sufficient thickness to prevent the formation 
of corrosion. 


3. The pin shoulder diameter shall be large 
enough so that the pin will not push through 
the phenolic backing disk when the con- 
‘nector is plugged or unplugged to its mating 
unit, 


4, The solder cup shall not break off the 
eontact during normal use of the connector. 


§. No pin is to push out through the back- 


ing disk with a pressure of ten pounds ap- 
plied toit. (At General Electric Company’s 
request the American Phenolic Corporation 
was set up to apply a ten-pound pressure test 
to each pin in the connector and mark each 
connector so tested with a green dot. This 
test increases the connector price, but the 
improved quality has been justified.) 
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Figure 17. Sample Monowatt Electric Cor- 
poration AN-3106-18-5S snap-in-type con- 
nector disassembled 


6. The socket design shall be such that 
the sockets will not be damaged by any pos- 
sible twisting or forcing when the connector 
is plugged to its mating unit or when test 
pins are itiserted into the sockets. Sizes 16 
and 20 sockets made by the American 
Phenolic Corporation, and sizes 12, 16, and 
20 sockets made by the Monowatt Electric 
Corporation have reinforcing sleeves made 
of durable bronze not less than eight mils 
thick. (At General Electric Company’s re- 
quest, on and after October 23, 1943, Am- 
phenol and Monowatt supply General Elec- 
tric only with connectors that have been 
given an extra 100 per cent inspection at the 
manufacturer’s plant to make certain that 
all smali-size sockets, as mentioned 
previously, have reinforcing sleeves. The 
connector manufacturer shows this extra 
100 per cent inspection by a red dot on the 
connector. This inspection should be ap- 
plied to all banded-type sockets made by all 
manufacturers.) 


7. Thesocket should be so constructed that 
liquid solder in the solder cup cannot leak 
through to the front of the socket and pre- 
vent insertion of the pin. 

8. The hole in the socket should be of such 
shape that the pins readily slide into the 
sockets the first time. 


9. The insert socket holes should be of such 
size that the sockets are free to adjust them- 
selves to the pins when the connectors are 
plugged. It is preferred to have the pins 
fixed and the sockets floating. 


When AN specifications are revised, it 
is hoped that some identifying means will 
be devised so that connectors according 
to the revised specifications can be dis- 
tinguished from older types. 

Corrosion protection of the AN con- 
nectors is not required in existing speci- 
fications. Figure 15 shows the corroded 
condition of an AN connector shell after 
exposure to 100 per cent humidity for 
96 hours at 33 degrees centigrade. The 
threaded portions which were covered by 
antiseize compound are in perfect condi- 
tion. In tropical and salt-water service, 
connector shells, pins, and sockets must 
be coated with a protective grease, for 
example, lanolin,. to insure continued 


Figure 18. Sample Monowatt 

Electric Corporation AN. 

3106-18-5P Snap-in-type con- 
nector disassembled 
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_ nector design shown in Figures 10 thro: 


connected quickly under any conditions. 


- understood. With their use on aircraft, 


operation. This results in a very messy 
condition, as dust and dirt is picks up 
on the grease. 

A new AN connector design with pro- 
vision for safety wiring the hold nut an 
other advantageous features is shown : 
Figures 16 and 17. Connections may 
be made between the pins and wire by 
crimping, soldering, or both. ‘Holes i in 
the crimped tube opposite the crimp per- 
mit inspection of the crimping. The 
design of the insulating parts gives great 
creepage distances and mechanical su 
port to the wires without the use ahs 
sulating sleeving. 

Under desert conditions, ae in 
coupling nuts on AN connectors causes 
the threads to jam, The German con- 


14 is not affected by dust and can be dis- 


It is hoped that this advantageous char- 
acteristic may be incorporated i in a future 
AN design. 


SLIDING CONNECTIONS Py 

The design of sliding connections is an 
uncompleted art. The sliding connec 
tion may be on a resistor, a commutator, 
or a slip ring. The choice of materials 
and design is controlled by many factors 
and variables which are not thoroughly 


the additional effect of high altitudes 
must not be overlooked. Not so long 
ago we were astonished when our or- 
dinarily good carbon brushes wore out 
on commutators in a matter of ten min- 
utes or less. A great deal of research 
effort has been required to overcome this 
difficulty. Today designs can be made 
which will operate under such conditions. 
The details naturally cannot be dis- 
cussed because of wartime restrictions. 

It is safe to say, however, that each new 
application must be tested thoroughly 
under all operating conditions. The 
same solution to the sliding contac’ 
problem on one application does not 
necessarily mean that it will be good for a 
new slightly different application. 


OPERATING CONNECTIONS 


Operating connections are normally 
used for control purposes. They make. 
or break circuits carrying electric power 
at various voltages and direct or alter- 
nating load currents. They range from 
hand-operated switches to cam-operated 
magneto contacts. 
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NONMEMBER AIEE_ 


MPHE presentation of a paper on elec- 

tric aircraft apparatus by manufac- 
turers of hydraulic control equipment is 
very likely to lead to a discussion!.5 of the 
relative advantages and disadvantages 
of hydraulic and electric systems for ac- 
cessory actuation. Let us evade this 
controversy for the present by stating 
that the writers are not advocating either 
an all-electric or all-hydraulic system but 
are describing a type of device that makes 
possible the utilization of some of the’best 
features of both forms of power. 

It commonly is conceded that one of 
the strong points of electric systems is 
the relative lightness, cheapness, and 
flexibility of electric wiring over hydraulic 
plumbing. This is particularly true when 
it is required to transmit only very small 
power. Consequently, a system that sub- 
stitutes low-energy-level electric wiring 
for high-energy-level hydraulic plumbing 
would seem to offer advantages in cost 
and weight for some applications, espe- 
cially in the larger more advanced air- 
planes. For example, it has been esti- 
mated? that for a multiengined airplane 
with a hydraulic pump on each engine the 
use of electric remotely operated valves 
for controlling wing flaps reduces the 
length and weight of plumbing to less 
than one half that required for an all- 
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hydraulic installation with direct cockpit 
valve control. 

An additional advantage offered by 
this electrohydraulic system is that it 
makes it possible to eliminate high-po- 


‘tential wiring and high-pressure plumb- 


ing from the cockpit and other critical 
areas, thus giving a safer and cleaner in- 
stallation. 


Obviously, the device that makes this. 


electrohydraulic system practicable is 
the remotely controlled electrically oper- 
ated hydraulic valve. 


General Design 


The general design requirements for 
these electromechanical control devices 
are about the same as for other similar air- 
craft components in that they must in- 
corporate: ; 


1. Utmost reliability. 


2. Absolute minimum weight consistent 
with other requirements. 


8. Operation over an extremely wide range 
of ambient temperatures and pressures. 


4. Resistance to vibration. 


5. Adaptation for use in the standard air- 
craft electric and hydraulic systems. 


6. Auxiliary means of manual operation 
for use in case of electric power failure. 


is required. Equivalent circuits often 
are misleading in action. 

~ With the increased use of electric 
equipment on aircraft, relay contacts have 
been designed to carry currents in the 
order of thousands of d-c amperes at 24 
to 30 volts. Operating contacts for 400- 
cycle a-c circuits at 208 volts are under 
development. 


Conclusions 

The vital importance of electric con- 
nections on aircraft is not generally ap- 
preciated by people accustomed only to 
the connections on home appliances. A 
poor connection on an electric toaster 
blows a quickly replaceable five-cent 
fuse, and the lady of the house has to 
endure the hardship of eating untoasted 
bread until the handy man makes a re- 
pair. One poor connection on an air- 
craft may effect the lives of many people 
and cause damage in the order of hun- 
dreds of thousands of dollars. 

An engineer or production man may 
be proud to have failures due to poor 
electric connections on home appliances 
reduced to one percent. But, if this per- 
centage were allowed on each of the types 
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of electric equipment on an airplane, 
would he be willing to fly in the plane? 

_ For successful modern aircraft opera- 
tion, electric connections must be engi- 
neered carefully, well constructed with 
the proper materials, 100 per cent in- 
spected, properly applied, and properly 
serviced. 
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This last requirement is not always neces- 
sary. 


In designing one of these control devices 
the first step is to decide which of the 
several types of electromechanical drivers 
and hydraulic valves is to be used. The 
most commonly used drivers are electric 
motors, electrically heated vapor-pres- 
sure motors, and electromagnetic sole- 
noids. Similarly, the usual valve types 
are the well-known slide, disk and poppet. 

Various combinations of these drivers 
and valves have been proposed for spe- 
cific purposes, but the writers believe 
that the combination that promises to ful- 
fill most completely the requirements for 
the greatest number of applications is the 
electromagnetic solenoid driver applied 
to the piston poppet-type valve. This 
combination has the advantages of the 
simplicity and rapidity of operation (less 
than '/.) second) of the solenoid and the 
low fluid leakage and low operating power 
of the poppet-type valve. These char- 
acteristics are conducive to obtaining tke 
lightest and most universal device. 

In contrast, electric motors geared to 
valves as drivers are characterized by 
relative complexity, difficulty of obtain- 
ing manual operation, high weight for 
low-force valves but relatively low 
weight for high-force valves, and am 
intermediate operating time of from one 
to several seconds. Vapor-pressure de- 
vices are inherently simple and light but 
slow, requiring from approximately 1/2 
minute to several minutes to operate, 
and are likely to be more vulnerable than 
other devices. They are also difficult to 
accommodate to wide temperature and 
pressure ranges. Similarly, slide valves 
usually have greater fluid leakage than 
other types so that they are suitable only 
for hydraulic systems designed especially 
for their use. Disk-type valves, al- 
though simple and reliable, usually re- 
quire relatively high rotary operating 
forces which make them suitable for 
adaptation to geared electric-motor drive 
but not solenoid actuation. 

This discussion will be limited to the 
24-volt d-c system, since that is the one 
in most general use at present. 


Valve Design 


Hydraulic valves are rated according 
to the volume of fluid that they will pass 
in unit time with a certain permitted 
pressure drop. This rated flow and the 
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design of the valve are the important fac- 
tors that determine the force and dis- 
placement necessary to operate the valve. 
Two general valve designs are dia- 
grammed in Figures 1 and 2. Cutaway 
illustrations of practical embodiments of 
the same designs are given in Figures 3 
and 4. 

The valve of Figures 1 and 3 is un- 
balanced; that is, the fluid pressure is 


effective on the inlet face of the poppet 


so that the operating force is the sum of 


1. The seal frictions. 


2. The product of the fluid pressure and 
the effective poppet area. 


3. The force of the return spring. 


In the partly balanced valves of Figures 
2 and 4 most of the force caused by the 
hydraulic pressure acting on the poppet 
face is neutralized by reducing the effec- 
tive area. This has the tremendous ad- 
vantage of reducing the valve operating 
force as is shown by Figure 6 but the 
considerable disadvantage of making the 
manufacture more difficult and costly. 
The curves of Figure 6 give the operat- 
ing forces required to crack and to hold 
open both balanced and unbalanced pop- 
pets. These curves apply to 0.266-inch 
_ diameter poppets for three-gallon-per- 
minute service. The values of operating 
force are only approximate, since they 
depend to a considerable extent upon 


1. Detail design. 
ce 2 Manufacturing tolerances. 
3. Types of seals. - 


4. Inthecase of the partly balanced valves, 
upon the degree of balance that can be ob- 
tained and still maintain the fluid leakage 
below the rated values set forth in govern- 
ment specifications. 


_ The curves will serve, however, to show 
the considerable savings in driver work 
that is made possible by. using the 
_ balanced-poppet principle. 
When it is considered that approxi- 
_ mately three-quarters of the weight of an 
unbalanced solenoid valve is driver 
weight, the added difficulty of manufac- 
ture involved in the partially balanced 
valve is entirely justified. Also, the 
trend is toward higher system pressures 
with correspondingly higher valve operat- 


To 
ACCESSORY 


Diagram of unbalanced valve 


Figure 1. 
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ing forces which enhances the value of 
balanced valves. 

This generalization in favor of partly 
balanced valves falls down for very small 
sizes. Figure 5 illustrates a cutaway 


model of a small shut-off valve originally | 


intended for controlling the flow of anti- 
icing fluid. In this case the parts are too 
small and the operating pressure is too 
low to make a balanced construction 
practical. The savings of perhaps one 
ounce of weight out of five ounces would 
not be sufficient to justify the considerable 
added complication. 


Solenoid Design 


When the designer comes to the sole- 
noid, he isin a position to take advantage 
of the low operating force and short 
travel distance that has been designed 
into the valve. 

It would be out of place to include a 
detailed account of solenoid design in this 
paper, since this subject has been covered 
comprehensively in many previous pub- 
lications.*4 Obviously, the design of 
solenoids for aircraft will follow the same 
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Figure 2. Diagram of balanced valve 
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principles incorporated in other electro- 
magnetic devices with the exception that 
since weight is so very important even 
greater efforts than usual must be made 
to utilize all materials to the best advan- 
tage. 

Some of the major airlines have pub- 


lished statements giving a dollar cost to 


the weight of air-borne equipment in 
revenue lost in diverted pay load during 
the life of a commercial passenger or 
freight airplane. This figure averages sev- 
eral hundred dollars per pound for such 
airplanes. A similar figure for military 
aircraft would be impossible to calculate 
because of the intangible considerations 
involved, but on the basis alone of the 
lower total plane mileage for military 
craft compared to commercial planes, 
it should be several thousand dollars per 
pound. This cost of weight contrasts to 
the direct cost of weight of from four to 
30 cents a pound for the materials used in 
usual industrial electrical equipment. 
Accordingly, the efforts of designers of 
solenoid valves and similar air-borne 
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Figure 3. Section of manually opeiata 
balanced valve 


equipment to reduce weight to the v 
minimum must be multiplied in prop: 
tion. tea 
Magnetic-circuit calculations indicate 
that the common iron-clad cyli : 
solenoid is best adapted for this p 
This shape also has the advantages of 
mechanical ruggedness, manufacturin: 
simplicity, and relative invulnerability. - 
Besides the increased importance of © 
weight there are two other design con- 
siderations which differ sufficiently from 
usual practice to be worth mentioning: — 


1. Valve operation is usually intermittent, 
most valves being used only once or twice 
for a minute or two during a flight. 


Figure 4. 


Cutaway model of partly Galeneee: 
valve Sa dreds 
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Figure 5. Cutaway model of shutoff valve 


2. The expected life of this type of equip- 
ment is 20,000 operations or only a fraction 
of that expected of most industrial equip- 
ment. Also, electric power for the amounts 
and times involved is of little importance. 


These considerations change the accent 
of the design. 

One effect of these design considerations 
is that magnetic circuits are usually op- 
erated completely saturated. This along 
with the fact that the structures are small 
imakes the problem of assuming leakage 
factors very difficult. As an example, a 
small solenoid similar to the one used 
on the valve of Figure 5 had nearly the 
same force-displacement curve without 
the outer iron shell as with it. This unit 
had been calculated carefully, but the 
etror in assuming the leakage coefficients 
‘was so great that the outer shell had little 


magnetic value and, except for mechani- . 


cal reasons, constituted nearly useless 
weight. 

The engineer’s first thought when con- 
fronted with the weight-duty cycle re- 
quirements along with an expected life 
of only 100 hours is to operate at higher 
than usual temperatures. Solenoids have 
been made using asbestos- and glass-insu- 
lated wire for operation at temperatures 
over 300 degrees Fahrenheit. Unfortu- 
nately, the temperature coefficient of re- 
sistance of copper is sufficiently high that 
the force is lowered as indicated by Figure 
7 which is for an experimental glass-in- 
ulated solenoid at 0.125-inch plunger 
gap. When it is compared to the force- 
displacement curve 3 of Figure 8 for two 
poppets, it will be seen that a single pop- 
pet valve will operate when the solenoid 
is cold, will remain open for two or three 
minutes, and then will close automati- 
cally. After this time the valve will be 
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"entirely inoperative until it has cooled 


to approximately normal temperature. 
Although this performance conforms 
with the normal duty cycle, it does not 
satisfy aircraft requirements in that the 
valve accidentally may be left in the cir- 
cuit until hot in which case it will not 
operate if required to do so. One solu- 
tion to this difficulty is to limit the tem- 
perature with a thermostatic overload 
switch such as is sometimes used on elec- 
tric motors. A performance curve for a 
solenoid equipped with a thermostat 
switch set to open at 250 degrees Fahren- 
heit and reclose at 175 degrees Fahren- 
heit is given in Figure 9. This solenoid 
would operate the valve just during the 
time interval that the circuit was closed; 
during approximately 70 per cent of the 
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Figure 6. Hydraulic-valve-poppet operating- 
force curves for three-gallon-per-minute capac- 
ity (0.065-inch poppet travel) 


Curve 1—Unbalanced poppet cracking force 
Curve 2—Unbalanced poppet holding force 
Curve 3—Balanced poppet cracking force 
Curve 4—Balanced poppet holding force 
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Figure 7. Solenoid force-time-temperature 
curves 


time it would be inoperative. This prob- 
ably would be satisfactory for many ap- 
plications, if a better arrangement were 
not available. ; 

For optimum design of the unit, the 
valve-operating and solenoid forces should 
be matched as closely as possible. This 
may be accomplished at least roughly by: 


1. Choosing the most suitable configura- 
tion of magnetic circuit. 


2. Using a double-coil winding. 


3. Combinations of these two principles. 


For instance, referring to Figure 8, the 
valve force curve 3 can be matched more 
closely to a solenoid curve if a high am- 
pere-turn winding is used to give the 
force curve 1 with the iron circuit ‘de- 


signed to saturate at E. At point F on 
the solenoid curve, the low resistance coil 
is switched out and a high resistance coil 
substituted. In contrast, a normal un- 
saturated solenoid designed to give ade- 
quate force at point A would have a 
characteristic curve similar to curve 4. 
The heating and weight of such a design 
would be prohibitive. 

The double-coil arrangement uses a 
high-power operating coil with compara- 
tively few turns of heavy wire con- 
nected in parallel with a high-resistance 
holding coil wound with a large number 
of turns of fine wire. A pair of contacts 
operated by the solenoid plunger are 
connected to open-circuit the pulling coil 
when the plunger is at the inner limit of 
travel. Then, when the solenoid is first 
energized, the circuit resistance is low be- 
cause the low-resistance coil is in the 
circuit so that with the plunger out the 
force is relatively high. When the plunger 
travel is completed the current is reduced 
by open-circuiting the pulling coil. Con- 
sequently, the force and heating are re- 
duced. 

Other circuits with somewhat different 


characteristics are available for accom- 


plishing this same purpose. For instance, 
the two coils can be connected in series 
with the high-resistance holding coil 
short-circuited for the pulling stroke and 
open-circuited for the holding condition. 
This arrangement has the advantages of 
slightly lower heating while holding and 
improved contact conditions. The dis- 
advantage is that the necessary inrush 
operating current is slightly higher. 
The parallel coil circuit was chosen for 
the solenoids described because of the 
lower inrush current. 
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| Figure 8. Poppet and solenoid force-dis- 


placement curves 


Curve 1—Solenoid plunger force at 80 de- 
grees Fahrenheit 
Curve 2—Solenoid plunger force at 250 de- 
grees Fahrenheit 
Curve 3—Force for two poppets 
Curve 4—Typical unsaturated solenoid plun- 
ger force at 80 degrees Fahrenheit 
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The solenoid designed to operate the 
valve of Figure 4 has a flat-ended plunger 
and a double coil connected as in Figure 
10. This is a three-position four-con- 
nection valve using four poppets and two 
solenoids with each solenoid operating 
two poppets. The characteristic curves 
for 80 degrees Fahrenheit and 250 de- 
grees Fahrenheit are given in Figure 8. 
The operating coil is 394 turns of number 
23-gauge copper wite and the holding 
coil is 2,150 turns of number 32-gauge 
wire. The room temperature resistances 
are 1.90 ohms and 152 ohms respec- 
tively, giving currents of 13.7 amperes 
and 0.171 ampere at 26 volts. At 250 de- 
grees Fahrenheit the force with 0.065 
plunger gap is 44 pounds with approxi- 
mately 46 pounds hold-in force if the 
operating coil is not open-circuited. 
With only the holding coil in the circuit 
the holding force is 38 pounds. With 
the operating coil open-circuited as in 
normal use but with the holding coil en- 
ergized, the ultimate temperature rise 
after several hours is about 60 degrees 
Fahrenheit. If the operating coil re- 
mained in the circuit, the solenoid liter- 
ally would burn up in approximately 
three minutes. 

The solenoid furnishes a driver that 
_ will operate the partly balanced valve of 
Figure 4 at just 250 degrees Fahrenheit. 


Figure 9. Force-time-temperature curves for 
thermostatically controlled solenoids 
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This is 30 degrees Fahrenheit higher than 
the highest operating temperature of 60 


degrees Fahrenheit rise over 160 degrees . 


Fahrenheit ambient so that some reserve 
driver force is available. However, the 
works represented by the areas under the 
respective force-displacement curves are 
matched so evenly that there is inade- 
quate reserve to insure reliable operation 
under adverse conditions. This is taken 
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Figure 10. Circuit diagram of shunt double- 
coil solenoid winding 


care of by allowing the solenoid plunger 
to move 0.075 inch before it contacts the 
valve, thus permitting the additional 
kinetic work represented by the area 
ABCD of Figure 8 to be effective in open- 
ing the valve. This extra amount of 
driver work insures satisfactory switch 
action and valve operation under the most 
adverse conditions. 

One interesting suggestion regarding 
means of reducing solenoid weight pro- 
poses to use aluminum wire instead of 
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approximately one half could be effect 


‘copper wire. Simple calculations shoy 
that in the coil itself a weight saving 


by this means. However, when the i 
crease in weight of the enclosing ir 
magnetic structure caused by the larg 
volume of the aluminum is considere 
the net difference in the weight of t 
whole structure is negligible. Moreov 
insulated aluminum wire is difficult 
obtain which is an important considera- 
tion at present. 

Another argument concerns the winds 
ing of the coil. For 24-volt d-e servic 
random winding would be entirely sati 
factory, particularly with the new higl 
temperature nonscuffing enamels. How- 
ever, the fact that approximately ten p 
cent more volume is required for a ra: 
dom winding than for a layer windi 
without extra insulation increases t 
frame weight: about five per cent which 
is not justifiable. 


Conclusions ~ 


The following general conclusions may 
be drawn as to the use and design of elec- 
tric remotely operated hydraulic valves, 


1. Considerable savings in installation 
weight may be effected by electric remo 
control of hydraulic valves, particular 
when the accessory to be controlled is some 
distance from the cockpit. 


2. It may be necessary to sacrifice sim- 
plicity and low valve cost to obtain the 
minimum over-all weight and dollar cost. 


8. The analysis indicates that solenoid 
valves should be designed for low operating 
forces and efficient electrical and mechanical 
elements; not so much on account of the 
electric power requirements but to decrease 
heat dissipation and, a ae eee size and 
weight. 
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A New High-Frequency Capacitor 


W.M. ALLISON 
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Synopsis: Limitations of the ordinary 
capacitor at high frequencies have been in 
Part overcome by a new three-terminal feed- 
through capacitor having a low impedance 
over a wide frequency range, thus enabling 
improved by-passing or filtering over this 
wide range of frequencies. 


NE of the common uses of capaci- 

tors is by-passing high-frequency 
current from circuits in which direct or 
low-frequency current is flowing. The 
frequency range over which it is effective 
as a by-pass depends upon the relative 
impedance of the capacitor and the im- 
pedance across which it is connected. 


Figure 1. Isometric drawing of nearly rolled 
Hypass capacitor showing electrode positions 


a ~ #209.2 


Figure 2. Completed Hypass capacitor with 
ae leads attached 


-The impedance of a capacitor at a given 
frequency is determined by its capaci- 
tance, inductance, and resistance. At 
low frequencies the impedance is largely 
determined by the capacitance, but at 
high frequencies and thus in most by- 
passing applications, lead inductance and 
the inherent inductance of the capacitor 
become the controlling factors. 
Usually, capacitors for by-pass use are 
so chosen that series resonance occurs at 
the frequency where the most complete 
elimination of undesired high-frequency 
eurrent is needed. By increasing the 
ratio of C to L, the frequency range over 
which the capacitor is effective as a by- 
pass can be increased. Mechanical con- 
siderations (namely, the necessity for 
gmaking connections to the capacitor) 
and the inherent inductance of the capaci- 
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tor limit the frequency range over 
which low impedance can be obtained by 
this approach. 

The use of capacitors in parallel having 
different impedance-frequency character- 
istics always results in a region of high 
impedance where the combination be- 
comes antiresonant. Thus, this com- 
monly used method of by-passing over 
wide frequency ranges may be ineffective 
unless the region of antiresonance is 
chosen where no by-passing is needed. 

A new approach to the wide-band by- 
passing problem is the Hypass capacitor 
which uses a unique design to provide an 
extremely broad range of low impedance 
extending into the ultra-high-frequency 
range. 


Construction of the Hypass 
Capacitor 


“Hypass” designates a three-terminal 
feed-through capacitor which lacks the 
usual resonant characteristics of ordinary 
capacitors. This is accomplished by 
operation of the capacitor as a trans- 
mission line and by a physical design 


_ ELECTRODES EXTENDING THROUGH 
STACK FROM FRONT TO BACK 


re 


ELECTRODE WOUND BACK AND 
FORTH THROUGH STACK 


Figure 3. Stacked Figure 4. Cross-sec- 
mica Hypass capa- tion of mica Hypass 
citor capacitor 


which allows extremely low inductance 
in external connections. 

The Hypass capacitor may be con- 
structed with the same conductor and 
dielectric materials as conventional types, 
but the internal connections to the capaci- 
tor plates and the arrangements of the 
plates and dielectric differ from the 
usual type. In its usual form the Hypass 
capacitor has two long foil electrodes of 
unequal widthfseparated by a dielectric 


CONSTANT-IMPEDANCE GENERATOR 


4109-5 


SHIELDED RESISTOR BLOCKS 
ATTENUATOR e RECEIVER 

Figure 5. Insertion-loss measuring apparatus 
used for determining Hypass characteristics 
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of intermediate width. The foils and di- 
electric may be wound or rolled so that the 
wider foil extends beyond both edges of 
the dielectric as shown in Figures 1 and 
2. The narrow foil is centered in respect 
to the edges of the dielectric and con- 
nected at only one end to a terminal, usu- 
ally a metal container which may be 
grounded. Each edge of the extending 
wider foil is then made essentially a uni- 
potential surface by soldering or other 
means by the techniques employed in 
conventional ‘‘noninductive” capacitors. 
Leads are connected to the two resulting 
equipotential surfaces to carry the low- 
frequency or direct current through the 
capacitor. The current-carrying capa- 
bility of the Hypass capacitor may be 
increased by inserting an auxiliary con- 
ductor through the capacitor without 
affecting adversely the frequency char- 
acteristics. 

The Hypass capacitor must be inserted 
in a circuit just as a low-pass filter would 
be connected. Its usual mechanical con- 
struction lends itself to an extremely low- 
inductance connection to ground while 
inductance in the other connections en- 
hances the filtering and thus the by- 
passing effect. 

Many modifications of the construction 
outlined above are possible. Hypass 
capacitors have been constructed with flat 
dielectric sheets, such as mica, with the 
wider foil replaced by strips of foil ex- 
tending through the stack and with the 
narrow foil folded back and forth pro- 
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Figure 6. Insertion loss of a Hypass capacitor 
versus a conventional capacitor 


f Curve 41—Conventional 0.1. microfarad 
Curve 2—Hypass 0.1 microfarad 
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Insertion loss of 14.2-microfarad 
Hypass capacitor 


Figure 7. 
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Analysis of High-Frequency Ignition 


Circuits 


A. W. ROBINSON, JR. 
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) 


HE modern high-voltage magnetos 
installed on a 2,000-horsepower air- 
craft engine may not resemble externally 
the crude induction coil used by Lenoir in 
1860 to provide ignition for his gas en- 
gine. Yet, both make use of the same 
method to generate a transient voltage 
high enough to fire the spark plug. A 
current is first established in a primary 
winding surrounding a core of magnetic 
_material and then suddenly interrupted. 
This interruption produces a high rate of 
change of flux through a secondary coil 
wound with a large number of turns, thus 
inducing a high voltage that is trans- 
mitted to the spark plug. 
While their principle of operation has 
remained basically unchanged, the design 
of ignition systems has made considerable 
_ progress through the years. At the turn 
of the century, Simms and Bosch com- 


_ bined the current generator with the in- | 


duction coil to make the first high-voltage 
magneto. Since then, new materials have 
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gressing through the stack as shown in 
Figures 3 and 4. The resulting Hypass 

capacitor has characteristics similar to 
the previously described type. 


- Performance 


The behavior of Hypass capacitors was 
evaluated by means of imnsertion-loss 
measuring’ apparatus developed for low- 
pass filter measurement. This equip- 
ment consists of a signal generator, a 
‘detector, and decoupling networks as 
shown in Figure 5. Insertion loss was 
measured by comparing ‘the input re- 
quired to produce a given deflection of 
the detector with and without the Hypass 
capacitor inserted between the decoupling 
networks. The impedance level was 
arbitrarily fixed at ten ohms. 

Curve 1, Figure 6, shows insertion loss 
versus frequency characteristics for a 
two-terminal noninductive capacitor typi- 
eal of the best commercially available. 
Curve 2, Figure 6, shows a Hypass capaci- 
tor of the same low-frequency capaci- 


tance. Figure 7 shows the behavior 
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become available—plastics, lightweight 
alloys, Alnico—and have been incorpo- 
rated into improved mechanical designs to 
give the high-voltage magneto its present 
performance and reliability. 

With the recent advances in aircraft- 
engine design, yielding higher-power out- 
puts at higher altitudes, certain limita- 
tions of the conventional high-voltage 
ignition system have become of great 
concern to the ignition engineer. Not 
only is it necessary to generate and dis- 
tribute higher and higher voltages at ex- 


treme altitudes, where air becomes a poor 


insulator, but the higher energies at the 
spark plug have contributed to accelerate 
the erosion of its electrodes and decrease 
its life. Fuels with high lead content, 
and cold running plugs, both essential 
prerequisites for getting more power out 
of a given engine, have increased the 
danger of spark-plug fouling, causing 
considerable trouble in operation. 


Most of these problems have been 


brought under control by ‘‘fixes,” and by 


refinements of conventional ignition sys- 
All persons connected with air-_ 


tems. 
craft ignition have been wondering how 
much longer it would be possible to ob- 
tain the desired results without making a 
radical departure from existing systems. 
At the present time several manufacturers 


of an experimental Hypass capacitor of 
14.2 microfarads at 60 cycles. 
The Hypass capacitor derives its favor- 


able frequency characteristics from a 


decrease in the effective capacitance as 
a function of the increase in frequency. 
That this effect is not due to a change in 
the dielectric constant of the insulation 
was determined by the use of mica and 
polystyrene with measurements between 
200 kilocycles and 30 megacycles. Thus, 
the capacitor represented in Figure 7 
still behaves as a capacitor at 20 mega- 
cycles, although it is equivalent at this 
frequency to a perfect capacitor having 
a capacitance only a little larger than 0.1 
microfarad. 

Analysis on the basis of the device Oper- 
ating as a transmission line accounts for 
the seeming decrease in capacitance with 
increasing frequency. Its impedance is 
similar to a very low-impedance trans- 
mission line having high capacitance per 
unit length. Changes with frequency 
of the capacitance,, inductance, con- 
ductance, and resistance per unit length 
are secondary and additional factors in 
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tems that promise to get around r 


and Drude,” have given complete mathe-~ 


tors are effective for by-passing at fre- 


are developing new types of ig 


the present limitations. 
Low-Voltage High-Frequency 
Ignition Systems 


Several of the proposed systems 
bine high frequency with distribution 
low or medium voltages, offering su 
outstanding advantages as: ’ 


1. Operation at very high altitudes withou: 
need for supercharging. ; 
2. Freedom from the effects of fouling. ‘ 


t 
»* 


3. Reduced plug erosion. 


Most of these systems utilize the sz 
basic high-frequency circuit: a capacit 
charged to a predetermined voltage co: 
siderably lower than the plug voltage, 
suddenly discharged through the primar 
winding of an oscillation transformer, 
The secondary winding is connected 


at high frequencies. 
of charging and discharging the capacitor, 
the disposition of the components, at 
the values of the circuit constants ve 
widely from one system to another, 
analysis of the basic Tesla-coil circ 
seems to be of general interest, and will be 
the main object of this paper. — z 
_ Several scientists, such as Boynton® 


matical solutions of circuits of this ty 

the former having checked experiment 

the results of his theoretical investigation. 

However, these results may be too com~ 
mae sik 


determining the by-pass characteristics. 
Insertion loss versus frequency character- 
istics may be altered by changing the 
relative dimensions or the materials used 
in the Hypass capacitor. Qualitative 
evidence indicates that Hypass capaci-_ 


quencies at least 150 megacycles. i 


Applications 
Among the obvious applications of 
Hypass capacitors are the suppression of 
radio noise over an extremely wide fre- 
quency range, the by-passing of multi- 
band radio-receiver and transmitter cir-_ 
cuits, and the use of Hypass capacitors. 
as circuit elements in conventional filters 
and networks to obtain unique character- 
istics. Like low-pass filter sections 
Hypass capacitors may be connected in 
cascade with the marked improvement in 
filtering or by-passing behavior. Hy- 
pass capacitors may in certain cases be 
connected in parallel apparently withou 
the troublesome antiresonance effects ob- 
tained as described in the introduction, 
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plete to be of much practical use to the 
engineer, at least in their original form. 
An “exact” formula, taking into account 
all parameters, can at best be used to 
calculate the performance of a device 
that has already been designed. The 
engineer, starting from scratch and faced 
with the problem of designing the device 
the best he knows how, would prefer to 
proceed by steps: as a starting point, a 
rather oversimplified theory, taking into 
account only the most fundamental 
factors, but easy to visualize, will allow 
him to study the basic limitations of a de- 
sign, and see what they mean in terms of 


Vo Cc, Ly Le Co V2 
Figure 1. Basic oscillation transformer circuit 


inches, materials, wire sizes, and numbers 
of turns. Once a preliminary layout has 
been made, secondary factors can be in- 
troduced one at a time as simple correc- 
tions, each one giving a closer approxima- 
tion to the final result. It may be ob- 
jected that such an approximate method 
is less accurate than an exact method. 
But an exact mathematical method, ap- 
plied to an engineering problem, is only 
as good as the unavoidable assumptions 
on which it is based, and certainly not be- 
yond the accuracy of the data. The main 
advantage of a theoretical analysis re- 
sides in its ability to break down a com- 
- plex problem into its simplest elements or 
notions, simple enough so that each one 
can be visualized. This is nothing more 
than the method advocated by Descartes, 
pioneer of analysis and visualization. 


Analysis of Circuit Without 
Losses 


__ This section is a mathematical study of 
‘the transient generated by discharging 
a capacitor C,, charged initially to a volt- 
age Vo, through the primary winding of 
an oscillation transformer, the secondary 
winding being connected to a capacitive 


Figure 2. Theoretical wave shapes of second- 
ary voltage 
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load C;. Let L, and Lz be the inductances 
of the primary and secondary circuits re- 
spectively and K the coefficient of cou- 
ling between the two windings, defined 
as K=Ly/V Lil, where Lie is the 
mutual inductance between the circuits. 
All losses will be neglected and all cir- 
cuit elements assumed to be linear (Ci, 
C2, In, Le, Ly2 constants). C», the sec- 
ondary load, represents the sum of the 
plug capacitance, lead capacitance, and a 
lumped capacitance equivalent to the 
distributed winding capacitance. Figure 
1 shows this circuit, the device for dis- 
charging the capacitor C, being repre- 
sented schematically by a switch ‘S. 

The final purpose of the ignition system 
is to charge C, to a voltage high enough to 
break down the spark-plug gap, and this 
should be done as efficiently as possible: 
the circuit should be proportioned so 
that a large percentage of the energy 
initially stored in C,, is transferred to the 
secondary capacitance Co, The minimum 
electric power required to supply ignition 
to a 2,000-horsepower engine is equivalent 
to somewhat less than 1/19) of a horse- 
power, so that, even with a very low 
efficiency, an ignition system would de- 
crease the available engine power only by 
a negligible amount. However, if more 
joules must be generated per second in 


RELATIVE AMPLITUDE ; 


Effect of ratio of frequencies of 
components upon first and second peaks of 
secondary-voltage wave 


Figure 3. 


the ignition system, the generating units 
must be bigger and heavier, and weight 
is at a premium on all aircraft equipment. 

An ideal equivalent circuit as described 
in the foregoing is, of course, a pure ab- 
straction, but its practical interest is un- 
deniable: the values of circuit constants 
that will give optimum operation (highest 
efficiency of energy transfer) in this cir- 
cuit are good approximations of the values 
for optimum operation in an actual case, 
where the output is reduced by unavoid- 
able losses. 

The differential equation of this circuit 
set up in the usual manner can be brought 
to the quadratic form: 


Tae Ty M a 
Cala Latipi+(2+2) Pa G aN (1) 
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Regardless of boundary conditions, it 
shows that all natural oscillations of this 
circuit include components of two fre- 
quencies m, and nm, determined by 


1 1 


LG GCA 
1 Le [—K* 
—4 
=. Gare, RA 
$20? = 
2(1—K?) (2) 
Or. ey . 
Len he 
i Laas LK 
—4 
Aan (+2) LC, L2Cy 
422222 = So 


2(1—K?) (3) 


These two frequencies are different from 
the natural frequencies of the two circuits 
taken separately and always frame them. 
In order to determine the amplitudes ~ 
and phase angles of these two compo- 
nents, the boundary conditions should be 
introduced. If it is assumed that C, to 
be charged to a voltage Vo for t<0, 
and the switch S to be closed at t=0, 
the expression for the voltage across the 
capacitor C2 is 


Lie Ci Va 


SS ae 
V (110, —L2C2)?+-4K Li Ci LC, 


(cos 2Zarmt— cos 2rnet) (4) 


Under no conditions can v2 be larger than 


Ve= Vo yo 5 (5) 
Cy : 


as, for »=V2, all the energy initially 
stored in C,; has been transferred to Co, 
so that the currents through LZ; and L,- 
and the voltage across C; are simultane- 
ously zero. } 
The quantity v./V2, representing the 
ratio of actual secondary voltage to maxi- 
mum possible voltage, is thus representa- 
tive of the efficiency of the circuit in con- 
verting electrostatic energy in C, into 
electrostatic energyin C. If m=L1C;+ 
I2C., this ratio can be written 


V2 i cos 2rmt— cos 2rnut 
V2 \: (m—1)2 P 
4K 2m 
cos 2rmit— cos 2rnot 
SOX saa a (6) 


2 
The second factor, 


cos 2rnyt— cos 2rnot 
2 


represents the wave shape of the second- 
ary voltage. Figure 2 shows this wave 
shape, and Figure 3 the amplitudes of the 
first and second peaks of this wave, 
plotted against the ratio of natural fre- 
quencies a=M2/m. Similar curves 
could be drawn for the third, fourth 
peaks, and so on. For a=2, 4, 6, ete., 
one of these peaks will be 1, the two com- 
ponents being in phase and maximum at 
the same time. 
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The first factor, U, is a measure of the 
amplitude of the secondary wave and also 
is at the most equal to 1. 

The quantities U and a, determining 
the amplitude and wave shape of the 
secondary voltage, are functions of only 


two parameters, the coupling coefficient 


KE between the circuits, and the quantity 
m = 1,C,/L2C, equal to the square of the 
ratio of natural frequencies of the second- 


ary and primary circuits taken sepa- 


/ 


rately. These functions are represented 
on the chart of Figure 4. 
By studying the chart, and the curves 


of Figure 3, the following conclusions may | 


be reached: 


1. All the energy initially in the primary 
capacitor will be transferred to the secondary 
capacitor if the primary and secondary cir- 


cuits, when taken separately, have equal 
- natural frequencies, and if the coefficient of 


coupling between the two circuits is 0.60. 
2. These two conditions are not critical, 
only a slight reduction in peak secondary 
voltage resulting from a fairly wide depar- 
ture from the ideal conditions. 


The first condition gives maximum 
amplitude for the secondary voltage, and, 
combined with the second condition of 
0.60 coupling coefficient, makes the higher 
natural frequency of the system double 
the lower. Maximum efficiency also 
could be obtained with frequency ratios of 
4, 6, ete., but the corresponding coupling 


4254-5 


ar 


Figure 5. High-frequency ignition circuit with 
external inductance 
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coefficients, 0.882, 0.956, etc., may be 


higher than can be practically incorpo- 


rated in this type of transformer. 


Effect of Primary-Lead Inductance 


A certain amount of external induct- 
ance in the primary circuit, contributed 
by leads, capacitor, and so forth, may be 
appreciable when compared to the trans- 
former primary inductance, so that its 
effect canngt be neglected. 

If K’ is the coupling coefficient of the 
transformer, L;’ the inductance of its 
primary winding, Z,” the external in- 
ductance (Figure 5), the circuit con- 
stants can be written: 


(7) 


(8) 


If, on the chart of Figure 4, P; represents 
the operating point of the transformer 
without external inductance (K’ and 
Ly'C;/L2C2) a simple construction makes 
it possible to determine the operating 
point P» for the circuit with the external 
inductance L,” in series with the primary 


inductance. A 45-degree line is drawn. 


through P;, and a distance scaled along 
the line corresponding to the ratio L,"/L, ’ 


Alies 


a 


Figure 6. High-frequency ignition circuit 
including winding resistances 
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4, Hysteresis losses. in magnetic inatertaie 


lected, but rather because only re- 


7 Agee 
of external to primary inductances. The 
scales for m and K on the chart ha 
been chosen so that the point P2 thus de- 
termined represents Spee with ex: 
ternal inductance. | 

It is interesting to notice that a fairly 
large percentage of external inductan 
can have negligible effects and that, in 
some cases, an increase in external in- 
ductance actually may raise the secondary 
voltage. 


‘ 


Effect of Resistance Losses 1 


So far, only an ideal ‘‘no-loss” cireuit 
has been considered. Such an analysis 
will not predict the actual output of 
oscillation transformer, but an upper lim 
that can be approached only by carefu f 
design. It gives, however, some very 
helpful information as to the optimum 
relationships between the circuit con- 
stants, and the decrease in output to be 
expected when these constants are varied 
from their optimum values. 

Many kinds of losses will cause the 
actual output voltage to be lower than 
the values given by a “‘no-loss’’ analysis: 


1. Corona losses. 
2. Dielectric losses. 
3. Eddy-current losses in all metallic 


parts surrounding the high-frequency cir- 
cuit, such as shielding. : 


5. Voltage drop across the device used for 
discharging the capacitor. - 


6. Resistance losses in circuits. 


7. Losses due to leakage resistance across. 
the terminals. 


Only losses due to resistance of the cir- 
cuits will be briefly studied in this paper, 
not because all other losses can be neg- 


sistance losses lend themselves to a fairly 
simple mathematical analysis, While 
the effect of losses such as those due to 
eddy currents and hysteresis can be 
evaluated roughly by analysis, actual 
tests afford a simpler and more reliable 
way to study them. 

Equatich 1 can be modified by adding 
terms representing the effect of resist- 
ances R, and R, of the primary and 
secondary circuits respectively: 


(LiL2—Ly*)p'-+ (LiRs+LoRi)p*+ 
oa | 
(G+Z+Ruke) p+ . 
2 cm 


(@ al 
C aes C btae an? ¢ 
It should be noted that R, and Re are 
a-c resistances, usually higher than the 
d-c resistances, unless the wire sizes used _ 
are small enough in comparison to the 
depth of penetration to make skin effect. 
negligible, ! 
Ina study of general scope such as the 
present, it is more desirable to express 
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the resistances in “per unit” values than 
in ohms. The amount of damping in 
each circuit can be represented by the 
dimensionless quantities: 


ie (10) 
yr ' 
oe 3 \" 
Cpr 
ca | (11) 
= 
ay 
Ce 
pi and p» being, for each circuit taken 


alone, the ratio of actual resistance to the 
resistance for critical damping. 
Equation 9 can now be written: 


PL p2 
(1—K*)p++2 = 7 Nps 
( Pet (Feat aig 


eo BN Pd Ns 
In, L2C2 / Ta CeCe : 


2; Pi p2 
VL; = es Gt Sez )e 


=0 (12) 


iE 
nC, L2C, 


as) 
In all practical cases, the amount of 


damping will be small, pi<1 and p»<1. 
Tf the phase angles, which are small and 
would introduce only amplitude errors of 
the second order in the neighborhood of 
_ the peaks are omitted, the voltage output 
of the transformer can be written: 


V2 U el! cos Qrnit—e-@* cos Qrnol 


7 2 


(13) 


_U, m, and m, differing only by second 
order quantities from the values found 
previously in the ‘‘no-loss” case. The 
decrement factors, —a,; and —ap, are 
the real parts of the roots of equa- 

tion 12. 

In order further to simplify the prob- 
lem, it will now be assumed that 1,C;= 
I2C2, this being a desirable condition for 
operation (U=1). The circuit damping 
coefficients p; and p, now enter into 
equation 12 only as their sum p:+)2, so 
that a; and a, will be functions of p;+ 
po. In other words, a certain per unit 
damping will have exactly the same 
effect upon the output, whether it is in 

_ the primary or the secondary circuit. 

If the coupling between circuits has 
been chosen for optimum wave shape, 
the maximum voltage will be reached 
approximately when cos 2mmt=—1 and 
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cos 2mnt=1, so that m/V_ will have a 
peak value: 


Vagal Go ema 
V2 2 


If all quantities beyond the first order are 
neglected: ; 
(art as)t 


Vom 
S| 1 
V2 2 (15) 


(14) 


The sum of the roots of equation 12 is 
—2(ait+a2), the imaginary parts cancel- 
ing out as the roots form two sets of 
conjugate complex quantities. It is thus 
possible to evaluate ata: without 
solving equation 12, the sum of the roots 
being equal to the negative value of the 
ratio of the coefficient of p* to the co- 
efficient of p4. 

Thus, from the coefficients of equation 12: 


Vail aa A (p1t+pa)é 
Ms Sn aA, DIG 


t, is of course the time at which the peak 
occurs. 


(16) 


‘The most interesting case to study is 
the optimum case determined in a previ- 
ous section, for m=1 and K=0.60. 
Without losses, the maximum voltage 
would occur when 27mt=7. If a small 
amount of damping is added, the dis- 
placement of the peaks due to this damp- 
ing can be neglected, and the effect of re- 
sistance upon peak secondary voltage can 
be computed by equations 16 and 2, the 
latter being used to determine the lower 
natural frequency m. 


Vom . 
—=1-3.11 
V. (pi1+p2) 


2 


(17) 


Conclusions 


It is hoped that this study will help 
elucidate some of the fundamental con- 
cepts connected with this type of circuit. 
In particular, it is interesting to note that 
there are no critical conditions of reso- 
nance in this circuit, such as there would 
be if it were operated under steady-state 
rather than transient conditions. Also, 
the fact that a very high coefficient of 
coupling is not necessary “for satisfactory 
operation may sound surprising at first. 

The great majority of electrical prob- 
lems deal with steady-state conditions, so 
that, whenever transient phenomena 
have to be considered, as in the present 
case, different methods of analysis and 
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special measuring equipment are required. 
Fast-recurring transients usually can be 
studied with the aid of a cathode-ray 
oscilloscope, providing the extra load on 
the system does not change materially 
the transient being studied. In high- 
frequency ignition circuits, it is often 
impossible to satisfy this condition, and 
it may even be difficult to obtain an oscil- 
loscope of sufficient writing speed. 

There are, however, certain simple re- 
lations between the natural frequencies of 
oscillation of coupled circuits with low 
damping and the resonant frequencies of 
such a circuit excited by a sine-wave 
oscillator. For instance, if the input im- 
pedance of the circuit of Figure 1 is 
measured at the switch S for various fre- 
quencies, the curve of impedance versus 
frequency will show a maximum for a fre- 
quency approximately equal to the 
natural frequency of the secondary cir- 
cuit taken alone and two minima cor- 
responding to the two component fre- 
quencies of the transients studied in previ- 
ous sections. The relative amplitudes of 
the maximum and minima give an indica- 
tion of losses in the circuits. Such ~ 
measurements can be made with standard 
equipment: a radio-frequency oscillator, 
a vacuum-tube voltmeter and a hot-wire 
ammeter. Even though they have to be 
taken at low flux densities, they give 
some interesting data that can be of great 
help in the test of high-frequency igni- 
tion circuits. The development of such — 
test methods and of special measuring 
equipment should parallel the develop- 
ment of the circuits, to give a better 
understanding of their operation and thus 
guide the engineer responsible for their 
design. 
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- motors are now in aitcraft service. 


_lutionized the flatiron industry. 


faherent Overheating Protection of D-C 
Aircraft Motors 
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Synopsis: Inherent overheating protection 
is undoubtedly one of the major develop- 
ments in the fractional-horsepower-motor 
field in the last decade. Thermal protection 
is now advocated by some, for aircraft 
motors, and many thermally protected 
In this 
paper are reported the results of a number 
of laboratory tests taken on a typical air- 
craft motor. Tests were taken on a 1/j5;- 
horsepower 7,500-rpm d-c motor; loads 
ranged from locked rotor to the minimum 
running load sufficient to trip the thermo- 
stat. Ambient temperatures ranged from 
—58 to +78 degrees centigrade. Locked- 
rotor and running-overload temperature 
tests were also taken at a density altitude 
of 42,000 feet. Temperatures of the wind- 
ing, frame, brush holders, and bearings 
were measured carefully under all conditions 
mentioned. Satisfactory protection, with- 
out premature tripping, was invariably 
achieved. 


N 1925, introduction of thermostatic 
protection to domestic flatirons revo- 
In 
1928, disk-type thermostats were built 
into a portable-tool motor to provide 
built-in thermal protection. Two or 
three years later, thermostats were used 
to provide built-in overload protection 
for single-phase induction motors. Since 
that time, a quiet revolution has been 
taking place in the fractional horsepower 


motor industry, in the form of an ever- 


increasing use of these built-in thermal 
protective devices. By 1939, the Under- 
writers’ Laboratories had become inter- 
ested, and in June of that year, after 
conferring with electrical manufacturers 
making and using such devices, the Un- 
derwriters’ Laboratories wrote a standard 
for inherent overheating protective de- 
vices; this standard was incorporated as 
an appendix to the Underwriters’ stand- 
ard for industrial control equipment. 


Paper 44-191, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 22, 1944; made available for print- 
ing July 11, 1944. 
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If the present trend to thermal protection 
of motors continues, nearly all domestic 
fractional-horsepower motors will even- 
tually be provided with inherent over- 
heating protection. 

Just because the merit and utility of 
inherent overheating protection for in- 
dustrial fractional-horsepower motors 
have been indubitably established, it 
does not necessarily follow that similar 
protection is necessary, or even desir- 
able, for aircraft motors. Requirements 
of motors for aircraft service differ so 
materially from the requirements of 
‘motors for industrial or domestic service 
that the worth of thermal protection for 
aircraft motors has to be examined in a 
different light. T. B. Holliday, in a re- 
cent article,® has pointed out a number 
of reasons why thermal protection of air- 
craft motors is desirable. Some of the 
reasons given by him are: 


1. To prevent motor burnouts due to 
temporary or permanent failures of the 
driven device. If motor burnout is pre- 
vented, the motor itself does not have to be 
replaced, and as the driven device can often 
be repaired, a new motor—frequently not 
available in remote places—is not required. 


2. To prevent burnouts due to improper 
setting or functioning of limit switches. 
Hydraulic systems, he points out, have re- 
lief valves which prevent damage to the 
system in the event of jamming, and why 
shouldn’t electric motors be similarly pro- 
tected? 


3. Even turret motors should use protected 
motors; in the event of damage to a part 
of the track, it is better, Colonel Holliday 
argues, to save the motor, and thereby al- 
low it to be used to traverse the good section 
of the track, rather than have the motor 
burn out completely. 


4. A nonprotected landing-gear motor may 
burn out in an attempt to put down landing 
gear in which the grease has stiffened ex- 
cessively, whereas a thermally protected 
motor may, by several starts and stops, get 
the gear down. 


Opponents of thermal protection con- 
tend that an aircraft motor should be 
kept energized “‘to the last ounce of 
effort”; the ‘ast shot” may mean the 
difference between life and death to the 
crew. It is argued that an overload de- 
vice. may trip at a crucial moment 
whereas perhaps another second or two 
of operation of the motor would have 
saved the emergency situation. 

Whatever may be the merit in these 
contentions, it is beyond the scope of this 
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side of the bimetal on the concave side 


‘ing of nonexpansive metal, does not ex- 


dp 
paper to attempt to analyze and weigh all 
the controversial aspects as to whether 
thermal protection should or should not 
be used for aircraft motors. Rather, th 
aim of this paper is to present a picture 
as to just how thermal protection gen- 
erally functions. It was felt that such a 
picture could best be presented by re- 
porting specific test data on a representa- 
tive aircraft motor equipped with inher- 
ent overheating protection. 


Motor-Thermostat Combinations 
Tested 


Following are the name-plate specifi- 
cations for the motor selected for this test: 


Outside diameter of frame, inches. ...2°/i6 — 


Volts oy acd: stern neteatons ic Sih Sree 24 
Horsepower ity t-te sets ae ope or eee ths 
Rpmieet BP GE bee: Ry eh on, p00) 
Amperes at: fulbloadt.249. 93-4 £3),.75 
Wound..:. 5.8 Oe ee ee . Shunt 
Manufacturers frame number........G-284 
Open.or enclosed4.08s.55 sree ...Open: 


A shunt-wound motor was chosen, be- 
cause that type is more difficult to protect 
than a series motor. . ) 

Disk-type thermostats were used for 
all tests. While this device is familiar to 
many, a brief description of the disk 
principle is in order. The disk-type 
thermostat has as its single moving ele- 
ment a bimetallic disk. This disk has a 
dished shape, with the high-expansive 


of the disk at normal temperature. As 
the disk is heated;.the bimetal on the in- 
side of the disk tries to expand but is 
restrained from doing so by the concave 
shape of the disk, for the other side, be- 


pand similarly; as the temperature of the 
disk is increased, stresses are set up tend- 
ing to buckle the disk, and as soon as its 


Table I. Locked-Rotor Test on the Enclosed 
Motor, at 26 Volts, and at an Ambient Tem- 
perature of 26 Degrees Centigrade 


a J 
g3 ee 
30 sp 
Ge e Ce oy wo 
ag &# q as om 
as 
Bs a3 ag go ES 
H On On Ad oe 


First cycle of 


thermostat....21.6...4.5,.. 8.5... 68... 26 
Second cycle of 
thermostat... .20.8...1.8,., 8.6... 72 
Third cycle of ‘ eal 
thermostat. . ©). 20.6. ..d.8. 42 400s, We) 
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temperature has reached a certain pre- 
determined value, the disk snaps suddenly 
over to the other position. When the 
disk cools to a definite temperature, it 
will snap back to its original shape. It 
is to be noted that this disk operates 
when, and only when, it reaches a certain 
fixed temperature, called the opening 
temperature. This temperature may be 
reached as a result of heat received from 
the motor, by heat generated in an aux- 
iliary heater within the thermostat, or by 
both. All of the thermostats used in the 
tests reported herein contain an auxiliary 
heater, as well as the disk. se 

Three motor—-thermostat combinations 
were tested: 


1. Totally enclosed with a thermostat 


mounted on the end of the front bracket, as 


shown in Figure 1. ‘i 


2. As a normal open motor, with a “‘silk- 
hat” type thermostat mounted on the motor 

frame, as shown in Figure 2. f 

3. Asan open motor with a thermostat in- 

side the front bracket near the commutator. 


The first arrangement was chosen as 
tepresenting a practical arrangement for 
a totally enclosed motor. While the nor- 
mal horsepower rating of an open motor 
is reduced by enclosing, it was felt that 
better comparative results would be ob- 
tained if the same motor were used for 
all tests; in reviewing the tests, it should 

_be borne in mind that the motor would 

- normally be rated at less than !/,; horse- 
power when enclosed. A ‘“‘silk-hat” type 
thermostat, as shown in Figure 2, is a 
normal mounting arrangement for an 
open motor. .The third arrangement—a 
thermostat inside the motor—was se- 

lected for these tests because it was felt 
that the inside of the motor was the most 
logical location from a thermal stand- 
point. Therefore, this arrangement was 
‘tried experimentally, although it was 
tecognized that it would not be practi- 
-cable in production motors because of 
“space considerations. 

Tests on these three motor—thermo- 
stat combinations afford a good compari- 
son of the effect of thermostat location, 
and illustrate the general characteristics 
of inherent overheating protection af- 
forded by a disk-type thermostat. 


“Temperature Measurements 


For locked-rotor tests which were 
taken first, thermocouples were soldered 
to the armature winding at each end; 
‘one thermocouple was tucked into an 
-interstice in the armature end winding in 
-order to compare temperatures with those 
obtained by the soldered couples. Simi- 
larly, thermocouples were also soldered 
‘to each of the field coils, and to the com- 
mutator end of a brushholder. Additional 
‘thermocouples were installed to measure 
‘temperatures of each of the bearings and 
-of the frame. For running-load tests, the 
-armature thermocouples had to be re- 
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moved, leaving only the resistance 
method for determining armature tem- 


peratures after shutdown. Resistance — 


readings were taken by a Kelvin bridge at 
measured intervals of time after shut- 
down, and a curve of resistance versus 
time was plotted and extrapolated back 
to shutdown time; temperature was 
computed from this resistance. 

A variation of the above method, pro- 


posed by L. W. Buell, was to determine 


resistance while the motor was energized 
by the voltmeter-ammeter method. Po- 


Figure 1. Small aircraft motor with thermostat 
mounted on the front bracket 


A cap (not shown) encloses the thermostat 
and entire front bracket. Rating, as an open 


motor, is 41/;; horsepower, 7,500 rpm 


Figure 2. A1/15-horsepower 7,500-rpm 24- 
volt d-c aircraft motor with a “‘silk-hat’’ 
thermostat mounted on the outside of the 
frame 


tential-drop leads were soldered to com- 
mutator risers about 90 degrees apart; 
voltage drop across these leads was meas- 
ured and divided by the armature cur- 
rent, obtaining a fictitious resistance; 
variation of this fictitious resistance was 
used as an indication of temperature. 
Some comparisons between tempera- 
tures by resistance and by thermocouple 
are of interest. Soldered thermocouples 
might be expected to give higher tempera- 
tures than unsoldered thermocouples, 
but on four locked-rotor tests, no signifi- 


cant and consistent difference in ob- 
served temperatures was noted. Tem- 
peratures by soldered thermocouples were 
compared with temperatures by resist- 
ance; of 13 locked-rotor tests, the ther- 


‘Iocouple temperatures ranged from 2 


degrees centigrade lower to 19 degrees 
centigrade higher, and averaged 9.5 de- 
grees centigrade higher than the resist- 
ance temperatures. This is equivalent. 
to saying that the temperature rise by 
thermocouple is approximately six per 
cent higher than the rise by resistance. 
A similar comparison was made for 56 
temperature tests on fractional-horse- 
power motors in a previous paper; it was | 
found that the temperature rise by un- 
soldered thermocouple averaged three 
per cent more than the temperature rise 
by resistances. : 


Types of Tests Taken 


Three basic types of tests on thermally 
protected motors are possible: locked ro- 
tor, maximum continuous load, and 
overload cycling. Locked-rotor tests 
are important because one of the major 
reasons for thermal protection is to pre-— 
vent damage which may arise when the 
rotor is stalled. Maximum-continuous- 
load tests are taken to find out just how 
much load the thermally protected motor 
can catry without tripping the thermo- 
stat. Such a test is taken by loading the 
motor up to this maximum continuous 
load until all temperatures have sta- 
bilized, and then, increasing the load 
slightly, causing the thermostat to trip; 
immediately after tripping, all tempera- 
tures are measured. An overload-cycling 
test is taken by applying a load much 
heavier than the maximum continuous 
load, and allowing the motor to cycle on 
and off at this load value. All three basic 
types of tests were taken on one of the 
combinations listed in this paper, but the — 
first two types were taken on all com-— 
binations. 


A Typical Locked-Rotor Test. 


Results of one typical test showing 
how the thermostat cycles on and off and 
showing how the temperatures and mo- 
tor current vary during the test are given 
in Table I. 

At first, the thermostat cycles rapidly 
since the cycling time depends upon only 
the characteristics of the thermostat it- 
self. In the thermostat used for these 
tests, the disk opens at a temperature of 
147 degrees centigrade, and recloses at a 
temperature of 116 degrees centigrade. 
Therefore, during the first on period, the 
disk heats from 25 to 147 degrees centi- 
grade, requiring 4.5 seconds. During 
first off period, the disk cools from 147 — 
to 116, then recloses. For the second - 
and each remaining on period, the ther- 
mostat disk has to be heated only from 
116 to 147; if the motor current were 
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ARMATURE WINDING 
TEMPERATURE 
———_}_— 


DEGREES CENTIGRADE-TOTAL TEMPERATURE . 


Figure 3. Temperature versus time, locked 
| rotor 


constant, this on time would be substan- 
tially the same for all remaining cycles, 
but as the motor current decreases be- 
cause of the increase in motor tempera- 
ture, the thermostat on time slowly in- 
creases, as can be noted in the table. 
For each reclosing cycle, the disk cools 
from 147 to 116, but the length of time 
fequired increases slowly as the tem- 
perature at the thermostat location in- 
creases—in this case, the front-bearing 
temperature. ya 


Figure 4. Locked-rotor tests 


© Enclosed motor, thermostat on bracket 
xX Open motor, “‘silk-hat’’ thermostat . 
+ Open motor, internal thermostat 
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Figure 3 shows how the temperature of 
the armature winding varied during the 
particular locked-rotor test described. 
This curve was drawn with a continuous 
one-point temperature recorder, but in 
the figure the time axis has been reversed 
so as to read from left to right. (Ordi- 
narily, on the record of this instrument, 
time reads from right to left.) The first 
five or six temperature peaks cannot 


be seen on this record, since they occur 


too fast for the instrument to record, 
but subsequent peaks can be seen. If an 
envelope were drawn around the peak 
temperatures reached at the end of each 
thermostat cycle, this envelope would 
show an overshoot peak at the end of 
approximately 11 or 12 minutes; after 
this, the envelope would approach the 
final peak temperature asymptotically. 
Armature winding temperatures given 
in this report actually refer to the final 
peaks, that is, to the steady-state value 
of the envelope of the peak temperatures 
after stable conditions have been reached. 
From the standpoint of insulation life, 
the equivalent temperature actually is 
even less than the final peak temperature, 
but for simplicity the final peak tempera- 
ture has been plotted in all cases. 


Summary of Locked-Rotor Tests 
Final results for the three motor—ther- 
mostat combinations tested are sum- 
marized and compared in Figure 4. It 
will be observed that there is a pro- 
nounced tendency for the armature 
winding to get hotter at extremely cold 
ambient temperatures than it does at high 
ambient temperatures. However, both 
brushholder and bearings tend to get 
hotter at the high ambient temperatures. 
In fact, there is a tendency for all the 
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temperatures in the motor to stabilize at 
the same value at the high ambient tem- 
peratures. At an ambient temperature 
of 147 degrees centigrade (disk-opening 
temperature), all temperatures would 
equal, because the thermostat would not 
allow the motor to carry any current, 
Of interest is the fact that similar char- 
acteristics are observed for all three mo- 
tor-thermostat combinations, even in- 
cluding the internally mounted thermo- 
stat. a q 

Low line voltage can often occur, and if 
it does, stalled-rotor conditions are more 
likely to occur. To determine how this 
condition would affect the thermal pro- 
tection, a locked-rotor test was taken on 
the enclosed motor at 17.3 volts. Tem- 
peratures attained during this test are 
compared with the results of a similar 
test at 26 volts in the following table: 


Line Volts _ 


268 eee 
- =} 
Armature winding temperature: ; 
Overshoot peak... n1,.e0 = eee oe 178... abo 
Final peaks isis sas ance aes 176.45. 17 
Field temperature, . «iss. + 0s taaweies 106....109 
Bearitigs fron), \-.. ciais ole Giese 104..%,.,. LOZ 


Brushholders). te, .Secteueen ules are 105... .. LOB em 


No significant difference is apparent, 
so it is concluded that locked-rotor pro- 
tection is afforded at reduced voltage, as 
well as at rated voltage. 

It will be observed by comparing the 
temperatures reached with the tempera- 
ture-life curves given in Figure 7 that the 
life of both windings and bearings under 
locked-rotor conditions is in excess o 


Figure 5. Maximum-continuous-load tests 


© Enclosed motor, thermostat on bracket 
X Open motor, “‘silk-hat’” thermostat _ 
+ Open motor, internal thermostat 
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“maintained and 


the Army’s requirement of a minimum of 
five hours. (The corresponding life re- 
quired by Underwriters’ Laboratories for 
industrial applications is 15 days.) How- 
ever, the temperatures are far in excess of 


those considered ‘‘safe” for industrial or 


domestic practice. They have been made 
higher deliberately, in order not to inter- 


-fere with the output of the motor and 


because it is much more economical to 
operate aircraft electric equipment at 
high loads in spite of shortened life. 
Locked-rotor heating curves for this 
motor were taken at four different volt- 
ages and these are plotted in Figure 6. 
In taking these curves the thermostat 
was left out of the circuit and both tem- 
perature and armature current were 
measured» at frequent intervals. Of 
significant interest is the current-time 
curve, because torque falls off at the same 
rate as the current (in a series motor, it 
falls off faster than the current). If the 
load is so great the motor cannot start 
it cold, no useful purpose is accomplished 
leaving the motor on the line, for the 
torque steadily decreases. An unpro- 
tected motor burns out in a matter of 
seconds; a protected motor keeps trying 
intermittently for hours. If the load 
moves only a little with each cycle of the 
thermostat, the protected motor will 
eventually do its work while the non- 
protected motor burns out and is com- 
pletely useless; it is much worse than 


_ useless if it starts a fire. 


- Maximum-Continuous-Load and 


Overload-Cycling Tests 


Maximum continuous load was defined 


_ €arlier in the paper as the maximum load 
_ the motor can carry without tripping the 


thermostat. Experience has shown, both 


for industrial-type and for aircraft mo- 


tors, that there is a general tendency to 
obtain higher winding temperatures if 
the motor is operated at the least pos- 
sible load which will cause tripping. If 
the motor is operated at a load greater 
than the maximum continuous load, the 
thermostat trips in a relatively short 
time, but the motor temperatures are 
generally lower than they are at the end 
of a continuous run at maximum con- 
tinuous load. However, if the load is 
if the thermostat is 
allowed to cycle, the final peak tempera- 
tures may be slightly higher than on a 
maximum-continuous-load test. Over- 
load-cycling tests were taken only on the 
enclosed-motor combination, and it was 
found that, at or below room tempera- 
ture, the armature-winding temperatures 
were substantially the same as for those of 
the maximum-continuous-load test; at 
higher ambient temperatures, however, 
there was a definite tendency to obtain 
lower temperatures on a cycling-overload 
than on a maximum-continuous-load test. 

A summary of the results of maximum- 


- econtinuous-load tests for all three motor- 
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1—Armature-winding temperature by thermo- 
couple, at 29.9 volts 
2—Armature-winding temperature by thermo- 
couple, at 24.0 volts 
3—Armature-winding temperature by thermo- 
couple, at 19.5-19.3 volts 
4—Armature-winding temperature by thermo- 
couple, at 15.3 volts 
5—Armature amperes at 29.9 volts 
6—Armature amperes at 24.0 volts 
7—Armature amperes at 19.5-19.3 volts 
8—Armature amperes at 15.3 volts 


thermostat combinations is given in Fig- 
ure 5. How much load the motor can 
carry without tripping the thermostat 
at various ambient temperatures is use- 
ful information, both to the motor de- 
signer and to the motor user. This is 
shown by the ‘“‘amperes load current” 
curve. It is of interest that the thermo- 
stat allows the open motor to carry, even 
when enclosed, full-load rating up to +60 
degrees centigrade. However, as an open 
motor, full-load rating can be carried at 
ambient temperatures higher than 80 de- 
grees centigrade. It is noteworthy that 
the final temperatures reached by the 
armature winding are more or less inde- 
pendent of the ambient temperature, al- 
though there appears to be a slight tend- 
ency for the thermostat to cut off at 
lower winding temperatures when the 
ambient temperature is high. This trend 
is neither so definite nor so positive as it 
is in the case of locked-rotor tests. Con- 
trariwise, it will be observed that the 
bearings tend to get hotter at high am- 
bients, as might be expected; also the 
bearings get hotter in the enclosed motor 
than they do in the open motors. Limit- 
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ing factor in this case is the bearing tem- 
perature of 140 degrees centigrade, which 
indicates a life of less than one day. 


Altitude-Chamber Tests 


Tests were taken in the high-altitude 
laboratory at Lima, Ohio, to determine 
what effect altitude might have upon the 
operation of the thermostat.® For tests at 
altitude, the pressure in the chamber was 
reduced, but the temperature was not, 


primarily for three reasons: to determine — 


the effect of pressure alone, as the effect 
of ambient temperature had already been 
studied at ground level, some aircraft 
motors are operated at high ambient 
temperatures at altitude, and because 
the testing procedure was*simpler and — 
quicker. A locked-rotor test was taken, 
at ground level, and repeated at altitude _ 
conditions, using the same instruments, 
the same technique, the same personnel, 
and the same procedure. Similarly, a 
maximum-continuous-load test was taken, 
first at ground level, then at altitude 
conditions. Results of these four tests 
are given in Table IT. 

Performance of the thermostat at ane 
tude was almost identical with operation 
at ground level; there was no significant 
difference in temperature reached, nor — 
did the thermostat have any difficulty 
interrupting the locked-rotor current of 
12 to 14 amperes at a density altitude of 
42,000 feet. 

Most interesting is the comparison of 
the maximum-continuous-load test at 
ground level with that at altitude. Ar- 
mature-winding temperatures permitted 
by the thermostat are practically iden- 
tical, and since this is the most critical 
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temperature, the thermostat is thus seen 
to be limiting the critical temperature to 
a fairly constant level, independent of air 
density. It will be observed, however, 
that the thermostat does not permit the 
motor to carry so much load at 42,000 
feet as at ground level because the air den- 
sity is less, and less heat can be dissipated. 
Temperatures of the mechanical parts are 
higher, however, at altitude. This point 


180 200 
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60 80 100 120 160 
Figure 7. Effect of temperature on life of 


insulation and grease 


Insulation life from Miner, “Insulation of 
Electrical Apparatus,” figure 301, and grease- 
life information from ball-bearing manufacturers 


is not difficult to understand, when it is 
realized that, since the total losses dissi- 
pated are less, less difference between 
hot-spot and frame temperatures would 
be expected; if hot-spot temperatures are 
held the same, the frame temperature 
will be higher with less effective ventila- 
tion. This same effect was noted for the 
enclosed motor in Figure 5. 


Selection and Application of 
Thermostats 


A general theory of thermal overload 
protection was published previously by 
the author.?* This theory related pri- 
marily to single-phase induction motors, 
and showed how it was possible by means 
of a properly designed heater in the ther- 
mostat to make the temperature of the 
disk follow the temperature of the wind- 
ings fairly closely. This theory was fur- 
ther extended quantitatively in unpub- 
lished notes to the development of mathe- 
matical formulas for selecting the right 
thermostat to protect any given motor 
properly at all loads and at all ambient 
temperatures. Exhaustive tests showing 
how effective inherent overheating pro- 
tection can be in this type of motor have 
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~ been reported by C. P. Potter.* V. G. 


Vaughan has outlined some of the prin- 
ciples involved in the selection and ap- 
plication of thermostats for aircraft mo- 
tors.° 


It was hoped to develop for aircraft — 


motors a method of mathematical analy- 
sis which would select the right thermo- 
stat on the first trial the same as was 
done for domestic fractional-horsepower 
motors. However, it has not been pos- 
sible so far to realize this hope for the 
problem of protecting aircraft motors 
differs from the problem of protecting 
domestic fractional-horsepower motors in 
a number of respects: 


1. The principal source of heat, which is 
variable, is in the rotating winding of the d-c 
aircraft motor, whereas it is in the stator of 
the a-c induction motor. This means the 
thermostat must necessarily be removed 
farther in a thermal sense from the source of 
heat, which makes the problem funda- 
mentally more difficult. 


2. Aircraft motors must operate over a 
much wider range of ambient temperatures, 
and over a wider range of altitudes. ; 


3. Windings must be allowed toreach much 
higher temperatures in order to prevent 
nuisance trip-outs which are many times 
more serious in aircraft than in domestic 
service. 

4. Under locked-rotor conditions, the ratio 
of final-peak temperature to temperature at 
the end of the first thermostat cycle, appears 
to be much higher in d-c aircraft motors, 
than in industrial single-phase induction 
motors. Thus the first time of opening with 
locked rotor, is of less significance. 


It appears that the only really satisfac- 
tory method is to determine the correct 
thermostat by actually running tests on 
a number of trial thermostats. Experi- 
ence, however, is of invaluable assistance 
in developing simple rules-of-thumb 


Table Il. Thermal-Overload Tests in a High- 


Altitude Chamber 
Ground 
Level Altitude 
Locked-rotor tests 
UT iho fal Catenin Solio es ose ak +30 ..+33 
Presstire altitude, it. 2 22 onet ae oe 35,000 
Density distude; fti72 5 oft5 ts ee 42,000 
Temp at end of test ‘ 
Armature winding by ther- 

mocoupletrsn- ase ae 16.52 ASORS 
Shunt field by thermocouple. . . 108.5 109.5 
Brushholder by thermocouple. .118 118 ; 
Bearings (front) by thermo- 

COttple rs cats in: i, Sa 107 acne LOS 
Frame by thermocouple....... 100.5 .. 100.5 
Thermostat case............. OO aie 93 

Maximum-continuous-load tests ' 

AE LEM, Gan eat oa av eet 

Pressure altitude, ft............. ae 17 s 3 35 Bhe 

Density altitivtie, 408 i 4 Los eras stein & . 42,000 

Maximum continuous load, amp... 5.75, ‘ 4.3 

Temp at end of test ‘ 
Armature winding by resistance, 180 ce” L186 
Shunt field by thermocouple... 95 oxy 126 
Brushholder by thermocouple. .103 Pee, esf0) 
Bearings by thermocouple. ... . 99.5 123 
Frame by thermocouple...,.., 84 % 113 
Dhermostat case.).=.......+,.. 80 ; : 105 
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example, when tests were first taken on 


which reduce the number of 
to be tried. Sometimes sati 
sults can best be obtained by making 
modifications in location or method of 
mounting the thermostat. As a specific 


sfactory 


the motor with the internal thermostat, 
it was found that considerable ventilat- 
ing air was reaching the disk of the ther- 
mostat. This air tended to cool the disk, 
thereby permitting the motor to operate 
at higher temperatures on running loads; 
but it had no effect on locked-rotor tem- 
peratures. This difficulty was sur- 
mounted by putting a cap over the ther- 
mostat so that ventilating air could not 
strike the disk directly. Thus, the ratio 
of locked-rotor temperature to runn 
temperature was increased without cha 
ing the thermostat itself. It is a 
pated that, at other times, means 
have to be taken to change this rat 
temperatures in the opposite direction 
Success in applying thermostats to air- 
craft motors might be said to follow Edi- 
son’s formula for successful invention 
2 per cent inspiration, 98 per cent per- 
spiration. 


Ce A i 


Summary and Conclusions == 


’ 
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Possibilities of inherent overheating 
protection for aircraft motors were in 
vestigated by taking comprehensive tests — 
on a small aircraft motor under a wide 
variety of controlled conditions, includ- 
ing variations in: line voltage, load, am- 
bient temperature, enclosure, thermostat — 
location, and altitude. , ; 

Locked-rotor tests taken at ground 
level show that effective protection is ob- 
tained over the tested range of ambient 
temperatures from —58 to +78 degrees 
centigrade. Slightly better protection is’ 
afforded the armature winding at the 
upper end of this temperature range, but — 
the bearings are better protected at the 
lower range, as can be seen by reference 
to Figure 4. A reduced-voltage test 
demonstrated that the protection is as 
effective at 17 volts as at 26 volts. Alti- 
tude-chamber tests demonstrated that — 
the effectiveness of the protection is not 
impaired at 40,000 feet, also that the 
protective device has ample interrupting © 
capacity at this altitude. kcod 

Running-load tests showed that effec- 
tive protection is obtained over the 
tested range of ambient temperatures — 
from —50 to +80 degrees centigrade. 
The general tendency is for the thermo- 
stat to cut the motor off the line at nearly _ 
the same armature-winding temperature, 
regardless of ambient temperature, al- 
though there is a tendency to limit the 
armature-winding temperature to a_ 
slightly lower value at the upper end of 
the range. However, temperatures of 
the bearings are invariably higher at the 
higher ambients, as can be seen by refer- — 
ence to Figure 5. When the thermally 
protected motor was taken from sea le 2] . 
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Synopsis: This historical development of 
connectors endeavors to survey briefly the 
various stages of electric-connector design 
and the expanding applications of the uses 
from the earliest types for heavy-duty power 
applications to the smaller and more in- 
tricate fittings in aircraft, electronics, sound 
equipment, television, and marine applica- 
tions. Because of the broad scope of the 
subject, the material is treated in generaliza- 
tions in order to cover the history within the 
space limitations of this paper. 

It is our belief that connector design, 
materials, and manufacture are keeping pace 
with the requirements of new electric equip- 
ment. Since the connector is essentially a 
component part of electric equipment, its 
development is affected by the requirements 
of new electric equipment and through 
adaptations for the improvement of existing” 
equipment is increasing operating efficien- 
cies. 


HE primary role of the multicontact 

electric-cable connector 
connect and break electric circuits rap- 
idly. Itis also used asa means of switch- 
‘ing circuits. 

For wiring and servicing operations, the 
connector simplifies such procedure, com- 
pared, for instance, to the slow discon- 

nection details of the screw-type ter- 


to 40,000 feet, the following characteris- 

tics were observed: less load-carrying 
ability, substantially the same armature- 
winding temperature, and higher tempera- 

tures of bearings. Enclosing an open 
motor has a similar effect. 

The effectiveness of thermal protection 
is shown by the fact that, over the entire 
range of conditions tested, including the 
three motor-thermostat combinations, 
the armature-winding temperature was 
held between the limits of 147 and 196 
‘degrees centigrade. Exclusive of locked- 
rotor tests, the armature-winding tem- 
perature was held by the thermostat, 
under all conditions, between the nar- 
rower limits of 166 to 186 degrees centi- 
grade. These figures are well above the 
range of temperatures which are encoun- 
tered in any properly applied aircraft 
motor under any normal conditions. 
Hence the thermostat will trip only when 
abnormal conditions are encountered. 
But the temperatures permitted by the 
thermostat are low enough to permit a 
life of a day or more under abnormal con- 
ditions. 
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minal block. With the connector, the 
danger of rewiring incorrect circuits is 
also eliminated. The speed with which 
circuits can be disconnected or connected 
in emergencies points to another ad- 
vantage as a safety factor. 

In one instance, operating efficiencies 
of electric connectors were demon- 
strated in the nine hours per engine time 
saved in servicing and overhauling a 
large transport airplane. 

Inasmuch as the term “‘plug” is often 
used indiscriminately to describe both 
receptacle and plug, it is well to define 
the complete connector and its two main 
parts. The complete connector com- 
prises both receptacle and plug. The 
receptacle is that part of a complete con- 
nector which is normally ‘‘fixed,” that = 
rigidly attached to or an integral part of 
a supporting surface. The plug is that 
part of the complete connector which is 
normally removable after disengagement. 
Hither plug or receptacle may be pro- 
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In the author’s opinion, the tempera- 
tures for which the thermostats were set 
are a reasonable compromise. Appre- 
ciably lower values might result in nui- 
sance trip-outs, as unnecessary as they 
might be dangerous. Use of higher tem- 
peratures might possibly be justified on 


' the grounds that a minimum of one day’s 


life is unnecessary, but it should be 
pointed out that maximum horsepower 
output of a motor decreases with the 
temperature. Furthermore, some al- 
lowance must be made for variations in 
individual motors and individual ther- 
mostats. Also, there are other parts of 
the motor which can be damaged by ex- 
cessive temperature, including: bearings, 
brushholders, shunts, and so forth. 
Results comparable to those reported 
in this paper are to be expected only if 
skill and care are used in the application 
of the thermostat. But when this is done, 
inherent overheating protection is af- 
forded against all abnormal operating 
conditions, without danger of preventing 
the motor from performing its normal 
functions. Thus motor burnouts: and 
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vided with socket or pin-contact insert 
assemblies. The type AV3101, however, 
is an exception to the rule. 

The choice of a type letter has, for the 
most part, been variously adopted, de- 
pending upon the general use or even— 
as in the case of type F (Figure 1)—for the 
company, Fox Motion Picture Studios, 
for whom it was designed. Fortunately, 
when the Army and Navy specifications 
connectors were created, a standardized 
system of nomenclature of parts as well 
as types was adopted, for which the engi- 
neering profession can well be proud. 

The precursor to the electric connectors 
as modified and improved for aircraft 
applications is found among those early 
connectors built by James H. Cannon and 
associates shortly after 1920. The first 
of these is termed the M1-4. It is still 
in use today and far from obsolescence. 
It was designated as type M, because it 
was designed for electric motors, 1 be- 
Cause it was the first of a series, and 4 
for the number of contacts in the insert 
assembly. 

Compared with the average connectors 
in use today in aircraft applications, Can- 
non type M (Figure 2) is oversize. Its 
shell, however, like aircraft connectors _ 
today, is aluminum. The inserts were 
fabricated of laminated phenolics, one 
having floating female or socket contacts 
with tapered bores and the mating in- 
sert having fixed split male or pin con- 
tacts which assumed the angle of the 
tapered bore sockets upon insertion. 
Even this pioneer design did not differ 
greatly from the aircraft connector of 
today. 

Coupling was maintained only by the 
wedging action of pin and socket con-— 


consequent replacement can be prevented — 
by thermal protection. 
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’ tacts; yet this proved satisfactory for 
the applications. This is in contrast to 
later developments which introduced 
‘types with latch-locking devices provid- 
ing a quick and positive means of coup- 
ling, threaded coupling nuts, and also 
coupling nuts augmented with provisions 
for safety, wire, which presented a more 
satisfactory meansof overcoming problems 
of weatherproofing and vibration. 

In this early type-M connector, float- 
ing sockets were used. This method 
of mounting the socket contacts has re- 
mained a fundamental standard. 

When sound motion pictures went into 
production in the late ’20’s type-M con- 
nectors were used for certain electric cir- 
cuits, including synchronous camera mo- 
tors, microphone circuits, and camera 
blimps, although later type-M con- 
nectors were exchanged for smaller and 
lighter fittings in many cases. 

Following the type M1, came the M2, 
with a three-inch insert diameter having 
a greater number of contacts. Next 
came the M3 (Figure 2) with an insert 
diameter of 4°/15 inches. Type M1 car- 
ried contacts for 30-ampere service, 
M2 for 30- and 60-ampere service, and 
M3 from 30- to 90-ampere service. 

As can be readily seen, the trend to 
larger connectors carrying a greater 
number of circuits in the same general 
design reached a point of diminishing 
utility. For example, the 13-26 (Figure 
3) plug weighed 31/, pounds. Compare 
this to an AN plug with 30 similar con- 


tacts weighing 0.336 pound. Variations 


of the M fittings were made, having up to 
30 circuits. ; 
However, it was also apparent that the 
smaller connector would have a wider 
variety of uses. This opportunity came 
in 1925, when a certain connector failed 
to meet a motion-picture sound studio’s 
requirements both in socket design and 


Figure 1. Type-F plug, straight-type, with 
pin insert assembly and cable clamp 


delivery. An emergency had arisen. 
However, within a few days, samples were 
. submitted embodying a newly designed 
socket machined from one-quarter-inch- 
square brass rod, having a leaf-type con- 
tact spring riveted to one side. Cable 
clamps were cast onto the brass end bell. 
Pins were pressed into laminated pheno- 
lic inserts. Sockets used were the stand- 
ard full-floating type, which also enabled 
the sound engineers to avoid variations 
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in contact resistance when the fittings 
were moved during recording. 

Thus the type-F Cannon connector was 
conceived and born, with F for Fox 
Motion Picture Studios as a constant 
reminder. of its motive origin. The F 
type proved successful and soon became 
the standard connector, not only for 
cinema sound-production equipment, but 
in many radio stations. 

Actually, it was this type F that caught 
the interest of aircraft and airline engi- 
neers, beginning the aircraft phase of 
connectors. But, in the meantime, to 
be chronologically correct, the type P 
(Figure 3)—P for Paramount Studios— 
was designed, representing the trend to- 
ward smaller and more compact con- 
nectors. Type P had an insert diameter 
of one inch, a latch-coupling device, a 
die-cast shell, and molded inserts. These 
represented definite advances in design 
and materials which were reflected in 
connectors built a number of years later. 
Type O—O for oval design—soon fol- 
lowed type.P and was designed for the 
inductor-type microphone. 

All during these years the aircraft in- 
dustry was growing, if slowly, and, with 
the increasing circuits and new service 
problems, connectors were soon or later 
bound to be used. The opportunity 


fike'S 


Figure 2. Type-M3 90-degree-angle plug, 


with pin insert assembly 


came one day late in 1932, when James H. 7 


Cannon showed a type-F connector to 
Warren Boughton, chief electrical engi- 
neer at Douglas Aircraft Company. At 
this time the DC-1 transport ship was in 
the blueprint stage. Mr. Boughton be- 
lieved the type-F connector to be adap- 
table to aircraft requirements. Modifi- 
cations subsequently were made and 
accepted. Transcontinental and Western 
Airlines specified it for use on their new 
airliners to be built by the Douglas Com- 
pany. 

The shell material of the F was changed 
from brass to aluminum, and type F be- 
came AF (Figure 4), A for aircraft, and 
the transition from sound equipment to 
aircraft was complete. 

_For use on the type DC-2 transport 
airplane in 1933, the cable clamp entrance 
on the AF connector was eliminated, and 
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_ gauge indicators, remote-control thermo- 


threads were put on the cable entrar 
of the shells to permit the use of flexib 
conduit. At the same time, requirem 
for additional contacts made it nece 
to increase the number of insert arrange- 
ments. ; 

The use of connectors increased 1 
safety of aircraft electric circuits and 
down servicing time by many ho 
and maintenance of electric circuits was 
greatly simplified, resulting in labor and 
time-saving factors. Although numerous 
developments have been made since th 


connectors seldom have varied and re- 
main essentially the same today. = 

Following closely upon the AF, type 
FM (Figure 5) was developed, having ¢ 
two-inch insert diameter to meet new re 


Figure 3. Type-P straight cord plug, with 
socket insert assembly, lower right. Type-P 
90-degree-angle plug shown upper left en- 
gaged in type-P two-gang panel receptacle, 

flush-mounting, with pin insert assemblies 


quirements of aircraft and the con- 
comitant need for more contacts and 
greater clearance between contacts. 
Otherwise, the FM was identical to the 
type F. .  malade or, 

The continued demand for lighter and 
smaller connectors used in many applica-— 
tions such as aircraft fire-wall connections, 
radio transmitters, radio control panels, 
tachometers, resistance thermometers. 


stats, pumps, various small motors, lights, 
and governors, resulted in the design of 
the type K, (Figure 6), the first connector 
series to be designed specifically for air- 
borne equipment. The K series was built 
in eight basic shell sizes, with inserts con- 
taining from one to 100 contacts, and ina 
wide variety of contact sizes, voltage 
spacings, and amperage ratings. Type 
K represented a marked achievement in 
the design of electric connectors. 

In the type K, socket contacts were 
made from round rod stock, as this type 
of construction provided a means of 
grouping more contacts within a limited 
imsert area. Thus, mechanical spacing was 
reduced with no loss in creepage between 
contacts. The insulators were fabri- 
cated out of sheet phenolic, although 
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Ss the later development of type K 
molded insulators were used in conjunc- 
tion with the fabricated type. Shell 
parts were made of aluminum alloy. 
Coupling was maintained with a cou- 
_ pling nut having a modified Acme thread, 
which provided a rapid means of cou- 
pling. An exception was the large AK 
size (Figure 6) which used the conven- 


tional VF thread. Onthe AK, thescrew- - 


jack action of the coupling nut was neces- 
sary to engage and disengage the fitting, 
because of the force required to engage 
and disengage fittings having a large 
number of contacts. 

The smallest type K has an insert di- 
ameter of five-eighths inch, and the 
largest, 21/, inches. Type-K shell styles 


Figure 4. Type-AF 90-degree-angle. plug, 

with pin insert assembly, and opposite, type- 

AF wall-mounting receptacle, with socket in- 
sert assembly 


were available in straight, 90-degree-angle, 
and wall-mounting types, including a 
-special end bell having an integral clamp 
if required, and accessory fittings in- 
cluded dust caps, dummy, or stowage 
receptacles, 
straight junction shells. Cable entries 
in the K are of two types, taper and 
straight, with three available conduit 
threads in several sizes: B for Breeze- 
type thread, once standard for the 


@ United States Navy, AC for Air Corps 


and the new AWN standard. 

In 1936, a move to merge the divergent 
specifications of the Army Air Forces 
and the Navy Bureau of Aeronautics 
into one standard was begun for the 
sake of efficiency and economy. This 
new Army-Navy specifications on elec- 

tric connectors was known as AN-9534. 

Since that time, a second specification, 
AN-W-C-591, has been drawn up, with 
an amended specification pending. The 
original AN-9534, issued November 1, 
1939, covered 18 basic shell sizes in five 
different types: AN3100 (wall-mount- 
ing), AN3102 (box-mounting), 43106 
(straight), AN3108 (90-degree-angle), 
and type RC (integral-mounting). At 
that time 53 insert arrangements were 
available, whereas the total now ex- 
ceeds 250. 

For the type A.V3102, see Figure 7 7 and 
Figure 8; type AN3106, Figure 9 and 
Figure 10; type 4.3108, Figure 11. 

It should be noted that type-RC in- 
tegral mounting was intended for use 
where the shell of the receptacle is made 
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and 90-degree-angle and 


an integral part of the electric equipment 
housing. 


AN-9534 SPECIFICATION:* 


A. Plug and receptacle, with the excep- 
tion of receptacle type RC, were to be inter- 
changeable between their respective plug 
and receptacle shells, which applied to each 
manufacturer’s own product and did not 
require the inserts made by one manufac- 
turer to fit any other manufacturer’s plug 
or receptacle shells. 


B. Contacts were made from material of 
high-grade conductivity. Contacts silver- 
plated, except those made of thermocouple 
material. 


C. Interior face of solder cups completely 
tinned. 


Type-FM 45-degree-angle plus, 
with pin insert assembly 


Figure 5. 


D.. Pin and socket contacts sizes 0, 4, and 
8 were designed so that they could be readily 
removed from their inserts for soldering to 
conductors and easily assembled after the 
soldered connection was made. 


FE. Potential millivolt drop not to exceed 
7 to 12 on contact sizes 20 to 0, with a range 
of current from 5 to 200 amperes, between 
each contact and other contacts and shell. 


F. Separating force ranged from two 
pounds on size—20 contact to 20 pounds on 
number—O contact. 


G. Four service ratings—instrument 
(peak voltage of 70); 24 volts (peak, 100); 
110 volts (peak, 350); and 500 volts (peak, 
1,000). 


H. Allowable creepage was based on serv- 
ice for which insert was designed; namely, 
1/,, inch on instrument, 1/s inch on 24 volts, 
3/15 inch on 110 volts, and */, inch on 500 
volts. 


I. Three positioning inserts made possible 
three distinct polarizations, numbers 1, 2, 


* Adapted from the Army-Navy specifications. 
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and 3, by rotating insert in shell. Thus, 
three identical inserts placed side by side 
would have distinctly different polarization. 


J. Plugs were of such construction that 
it would be possible to install a plug on 
both ends of a conduit assembly without 
excessive slack in the conductors within the 
conduit. To meet these requirements, Can- 
non designed an end bell which was. split 
in half so that both halves could be removed 
to provide ample space for servicing. 


K. Shells and receptacle fittings were 
made of high-grade aluminum alloys. 


L. Phenolic materials were used in insert 
assemblies. 


The amended AN9534a specification, 
issued in December 1941, superseding 
AN9534, contained the following main 
changes: 


A. Requirements for three positions of 
inserts were removed, and only position 1 
was retained. 


B. Original specifications provided for 
the maximum operating voltages for direct 
current and alternating current under the 
various service designations. Under the 
amended specification AN9534a, the a-c 
maximum was removed and the d-c table 
retained. However, reference to alternating 
current or direct current was removed, 


C. The number of insert enrans Cala 
was increased to Be 


Figure 6. Type K (AK shell — 
size shown with NF thread on — 
coupling nut) 


Left, 90-degree-angle plug 


with socket insert assembly. 
Right, wall-mounting receptacle 
with pin insert assembly 


" 


Figure 7. Type-AN 3102 receptacle with pin 
insert assembly 


D. Type-RC receptacle was assigned 


drawing number A NVD10066. 


The new specification AN-W-C-591, 
issued in December 1941, which became 
effective June 1942, carried the bulk of 
AN9534a as well as AN9534, with the 
following changes: 


A. Deletion of markings of instrument, 
24 volt, 110 volt, and 500 volt, from the 
face of the insulator. Instrument, 24 volt, 
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and 110 volt were grouped under service 
A, 500 volt under service B, and such high 
voltages as 14,000 under service C. 


B. Since military aircraft, in particular, 
was seeking higher altitudes, effective creep- 
age distances were increased. Service A 

with a peak voltage of 200 required one- 


type-AN3102 


A—Insert retaining ring 
B—Rear insulator with barriers 
C—Contacts 
_ D—Front insulator 
- E—Shell 


eighth-inch minimum creepage distance; 
service B with a peak voltage of 750, 5/16 
inch; and service C, 14,000 volts, one inch. 
To maintain the interchangeability of inserts 
and also retain the mechanical spacing, but 
increase the effective creepage distance, it 
‘was necessary to design barriers on the face 
of the inserts, 

C. Shell sizes 44 and 48 were eliminated 
from the new specification. 


D. Type-RC integral mounting was issued 
a number series for shell sizes, ANVD10425 to 
AND10436. . , 


The newest AN connector is type 
AN3101 which, like the AN3106 and 
AN3108, embodies the portable features 
of a plug, but is not a fixed mounting like 
types AN3102 or AN3100. However, 
type AN3101 has the threaded ’' cable 
entry of a receptacle. This new type is 

being made in sizes 8S to 40 inclusive, 
under the proposed A N-W-C-591a speci- 
fication. Another new AWN type under 
this specification is the AN3017, quick- 
disconnect fitting, which is restricted to 
sizes 8S to 20. 

Among other connectors which are 
used in one way or another on aircraft 
or other war material which are of con- 
siderable importance but rather special- 
izedin application; are the type DP and 
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Figure 8. Production il- 
lustration, exploded view, 
receptacle 
with pin insert assembly 


battery connectors, both developed within — 


the last four or five years. 

The DP is best generally described as 
rectangular in shape. DP’s are particu- 
larly adapted to rack-mounted radio 
and range-finding equipment. 
DP types mount directly to the outside 


Figure 9. Type-AN- 
3106 plug, with socket 
insert assembly 


A—Barrel 
B—Front insulator 
C—Small contact °¢ 
D—Rear insulator 
E—Insert retaining ring E 
F—Contact retaining clip 
G—Large contact 
H—Late design coupling nut 
I—End bell 
J—Assembly nut 


‘Figure 11. Type- 
AN3108 90-de- 


 gree-angle plug 
with socket insert 
assembly 


face of the chassis itself, alignment being 
effected by a taper in the shell and by the 
contact arrangement itself. Coaxial con- 
tacts for radio antennas are standard in 
several of the DP fittings. Contacts 


vary from 10 to 135, the largest connec- 


tor in the series being type DPL used for 
special equipment by the Army Air Corps. 
A notable development of the line of 
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Several 


loosen two small wing nuts before 


for disconnection, which can easily | e 
‘turned with a gloved hand. 


Figure 10. Production illustration, exploded vie: 
__ type-AN3106 plug, with socket insert assembly sh« 


' > = ve 


battery connectors, which 
use for a number of years in engin 
ing and other applications, is the typ 
numbered 11,749 and 11,751, which y 

developed at the request of the 
Corps to facilitate disconnection of 
teries, particularly in extremely 
climates. The design formerly in 
required the maintenance mechanic 


moving the battery, a slow and difficu 
process in subzero weather. During re 
moval, the battery contacts were lik 
to strike the aluminum side of the 
frame, creating a short circuit and ¢ 
sequent fire hazard, whereas this new de 
velopment completely encloses the e 
tacts. In addition, it has a handwh 


The materials in the insert insulators 
constantly are being improved to over- 
come high-altitude problems, humidi 
and fungus growths of tropical climates, 


and circumstances of salt-water condi 
tions. Research in thermoplastics, ther- 
mosetting materials, and protective coat- 
ings is going forward rapidly. : 

Briefly, among the other developments 


are snap-in solderless contacts. Stil 
new developments not entirely out of the 
experimental stages include the follow- 
ing: connectors having a greater voltage 
for high cycle; special switching devices 
which operate engine-starting units; and 
waterproof designs for marine and ord 
nance requirements. Aas 
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The Testing ak Brushes for Kife“antd 
Performance Under ‘Various 


Altitude Conditions © ; 


C. J. HERMAN 


ASSOCIATE AIEE 


Synopsis: This paper presents the author’s 
experience in the testing of brushes on ma- 
chines intended for high-altitude service on 
aircraft equipment. The procedure and 
range of conditions found useful in testing a 
wide variety of small a-c and d-c machines 
are outlined in detail. It is hoped that other 
investigators will contribute their experi- 
ences through discussions or additional 
_ papers, and that from this material there 
‘may be developed a suitable test code, sup- 
plementing the present Institute test code 
for d-c machines. 

The only real criterion of brush perform- 
ance js that of actual experience in service, 
since all of the infinite variety of conditions 


that affect brush performance cannot be. 


anticipated under test conditions. How- 
ever, carefully conducted tests over a range 
of specified conditions do provide a good 
basis for brush selection and greatly expedite 
the final choice for the best over-all perform- 
ance. For this reason, and because it will 
be helpful to investigators in comparing 
their results, it is hoped that the proposed 

brush test code may be undertaken in the 
near future. 


N brush-life testing on machines, many 
confusing, conflicting, and variable 
_-fesults are observed even under normal 
atmospheric conditions. These uncer- 
tainties are increased greatly in high-alti- 
_ tudetests. Many tests by various labora- 
tories have shown that most brushes are 
affected greatly by the changes in hu- 
midity, oxygen content, or pressure of the 
surrounding air. It is a comtnon expe- 
rience for carbon brushes to wear away 


at extreme rates up to half an inch or — 


more per hour when run on high-speed 
commutators or slip rings in extremely 
dry atmospheres. 
This rapid wear can be inhibited by a 
great variety of contaminants if present 
_ in small quantities in the air, in the brush, 
or even in the metal of the commutator. 


Paper 44-230, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 14, 1944; made available for print- 
ing July 22, 1944. 
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Test results therefore are likely to vary 
greatly unless scrupulous care is taken to 
exclude unwanted materials and to main- 
tain precise control of the atmosphere. 
It is not the purpose of this paper to 
discuss any of the methods for preventing 


brush wear, but simply to describe the 


testing procedure found useful in obtain- 
ing definite and reasonably consistent re- 
sults in the measuring of brush perform- 
ance. Uniform methods of conducting 
and reporting brush-life tests are pro- 
posed, so that wherever or by whomever 
tests are made, the results will be of value 
for record and will be truly comparable 
with other tests made at other times and 
places. 


General Considerations 

The primary purpose in brush testing 
is to determine, as nearly as possible, if 
satisfactory operation will be obtained 
in actual service. Therefore, all known 
conditions of loading, atmosphere vibra- 
tion, and power-supply characteristics 
which occur in service should be du- 
plicated as closely as is practical within 
the limitations of testing equipment. On 
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Figure 1. Wiews of brush face 


S represents seated portion of brush 


many aircraft applications the ranges of 
load and atmospheric conditions are so 
extreme and duty cycles are so variable, 
that the establishment of adequate test 
cycles may require very careful study 
and judgment. In many cases it may 
be impossible to establish satisfactorily 
brush performance until the representa- 
tive loads encountered in service are 
known. 

Nearly all of the electrical and many 
of the mechanical defects which com- 
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_ important. 


monly occur on machines adversely af- 
fect the life and performance of the 
brushes. It is impossible to evaluate the 
brushes unless adequate measurements 
are taken to make sure that electrical 
and mechanical conditions of the machine 
remain substantially constant throughout 
the test. In order to differentiate be- 
tween brush failures due to properties 
of the brush material and the failures in- 
duced by mechanical and electrical de- 
fects occurring in particular machines, 
it is necessary to make very comprehen- 
sive measurements and observations of 
all factors known to affect brushes. 

Tests should be taken only on machines 
in good working condition, because the 
effects of many electrical and mechanical 
defects upon brush operation seldom can 
be appraised accurately. Small machines 
often are damaged by,rough handling 
causing brinelled ball bearings, bent 
shafts, damaged or dirty commutator or 
collector surfaces, bad balance, bent or 
improperly located brush holders; all 
are factors which adversely affect the 
brushes. Where there is any possibility 
that careless handling has occurred, very 
careful mechanical inspection should be 
made before any tests are begun. 

To predict brush life reasonably well 
on the basis of relatively short tests, 
careful study of the nature of commuta-_ 
tor, ring, and brush wear is necessary. 
It appears necessary also to study the 
films formed on commutators and rings 
for evidence of any marked changes in 
appearance with time. The gradual 
formation of excessive or uneven film 
during several days of operation has 
often appeared to be the principal cause 


of brush failure. 


The ‘‘Brush-Qualification »Test Pro- 
cedures’’ outlined in the appendix have 
as their purpose the determination of 
three fundamental factors of brush op- 
eration which are often almost equally 
These factors are: brush 
life, commutator life, constancy and suita- 


AIR-CONDITIONED ROOM 


Fido z 


ALTITUDE 
CHAMBER 


TO VACUUM PUMPS 
OPERATING , 
CONTINUOUSLY 


ELECTRO-DRYER 


Figure 2. Schematic diagram of a dependable 
high-altitude chamber system 


Valves A, B, C, and D, E, F are used only to 
produce sufficient pressure head across the 
dew-point meters to produce distinct meter 
readings. Meter 1 reads dew point of the 
air entering the altitude chamber. Meter 2 
reads dew point of the air usually in center 
of altitude chamber. Throttling valve G is 
adjusted to maintain the required altitude 
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#aze~ 
PITOT TUBE. LOCATE AT AXIS OF 
AIR-BLAST TUBE FACING INLET. 
CONNECT PITOT TUBE TO 
PRESSURE INDICATOR 


u 


iL 
S 
= 
Zz 


DIRECTION OF 


Uj}.------- 


AIR-BLAST TUBE TO BE SMOOTH INSIDE. 
INSIDE DIAMETER 1.917+0.00"-0.04 
Figure 3. Typical Pitot and air-blast-tube 
installation for test of aircraft-engine generators 


bility of machine characteristics as af- 
fected by the brushes. The use of any 
brush grade usually represents some com- 
promise among these three factors. To 
match the brush with the machine to 
secure required performance character- 
istics is often more important than to 
match brush and machine to secure maxi- 
mum brush life. 


Types of Tests’ 


It has been found useful to classify 

tests according to two general types of 
atmospheric conditions which are gen- 
erally designated as low altitude or high 
altitude. 
{ Low altitude covers the ranges of at- 
mospheric conditions usually encoun- 
tered in test departments and labora- 
tories. The air should be relatively free 
from chemical, smoke, paint, and any 
other fumes which are known markedly 
to affect brush operation. It is proposed 
that low altitude should include the follow- 
ing listed range of conditions: 


1. Altitude from sea level to 1,000 meters. 


2. Ambient air temperature from 20 to 40 
degrees centigrade. 


3. Relative humidity from 20 to 90 per 
cent. 


High altitude is defined as being any 
atmospheric condition above 1,000 meters 
in test chambers where the air pressure, 
dew point, ambient temperature, and air 
cleanliness are controlled to simulate 
known high-altitude atmospheric condi- 
tions. Generally our experience and the 


reported results of other investigators 
have shown that there are no marked 
changes in brush performance until free- 
_air altitudes of 10,000 to 15,000 feet are 


exceeded. Because of these experiences 


and the practical need to limit variations 
i test conditions to a reasonable mini- 
mum, it is proposed that only four gen- 
eral classes of high altitude be adopted 
as standard. These classes are based 
upon the estimated atmospheric condi- 
tions encountered in or on airplanes, and 
are proposed to be as shown in Table I. 
Classes I, II, and III of Table I are in- 
tended to apply to all totally enclosed or 
self-ventilated machines. Class IV may 
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BRUSH TEMPERATURE IN °C 
'NCH FROM BRUSH FACE 
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Figure 4. Brush temperature versus altitude 


Many machines without adequate ventilation 

for cooling brushes and commutator at high 

altitudes soon reach critical temperatures as 
altitude is increased 


apply to either self-ventilated or rammed- 
air-ventilated machines located in the 
engine nacelles. 


Conclusions 
The test procedures listed in the ap- 


pendix have been worked out as a result 
of conducting some 600 tests on small a-c 


_ and d-c machines for aircraft use over a 


range of from six watts to four horse- 
power, and from 2,500 to 15,000 rpm. 
When these methods are followed, it is 
believed that brush life will be consistent 
within the range of perhaps two to one on 
duplicate machine. 


Table | 
Class I Class II Class III Class IV 
z. Free Air Fuselage—Air Supercharged Engi 
Atmospheric Conditions External Within the Airplane Compartment ; Nacelle 
PATEEHGE tt Lee oh cl ajesce + «0h 0 dain SO000n een). Meee 40,000 ve ese -15,000 
‘Dew point in degrees centigrade........ —50 to —80.....—50 to —80...... —50 to ad 80. —50 ko eh 
Ambient-temperature air in degrees i 
centigrade 
(a). Surrounding the machine...... —40 eee, F) CSR ET 0 +38 
(6). Rammed air 6 inches from ma- yy 
SARIMO SICAL OVOIL ES inchs sein ois aot Me aod e 5 0°o.4 6 EIEN oie oe lviehe ater —30* 
Pe Rae . 


Rammed-air pressure 
(Sum of velocity and pressure head 
measured with Pitot tube at least 
6 in. away from machine intake 
ports. 


* Conditions do not apply to self-ventilated machines. 
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factors on which they are based. 


It is very important, howe r 
all differences and conditions 
have a bearing on brush performance, 


the reason for the difference “may 
traced. x 
In studies of brush application, the in 
dividuality of different machine designs 
makes over-all solutions improbable. 
However, it is believed that close agree- 
ment can be obtained by different ob- 
servers at different times and places on 
the basic question, “What is a § 
brush for the particular applicati 
if the ‘‘Brush-Qualification Test Proce- 
dure” listed in the appendix is followed. It 
is proposed that these test procedures 
and ‘‘Types of Tests’ should be combined 
suitably to form a brush test code. 
The testing of brushes for life and per- 
formance involves two distinct types of 
measurements, These are the reason- 
ably exact mechanical, electrical, and 
thermal measurements; and the rela- 
tively inexact observational measure 
ments for which the accuracy and ean 
ness largely are dependent upon the ob- 
server’s experience in studying brush 
phenomena. It does not seem likely that 
sufficient exact measurements can ever 
be made to provide the complete answer 
regarding the over-all suitability of the 
brush for the application. However, © 
meticulous attention to test procedures 
reduces the usual degree of dependence 


TOTAL HOURS connie 
HIGH-ALTITUDE OPERATION 


Figure 5. Brush wear versus ‘time | 


Quick changes to a new steady increased 
rate of wear often are encountered at high 
altitude — 
upon inexact observational ‘measure- 
ments, reduces the hazards of possible 
wrong decisions in the selection of _ 
brushes, and greatly improves the useful- 
ness of observational measurements be-— 
cause of the sound background of other 


Appendix. Brush-Quialification 
Test Procedure — 


The following specific rules have been 
found desirable in conducting brush tests: 


Alp Inrridt INSPECTION 


Carefully check the machine to ene sure 
it has not been damaged mechanically in 
any important particular. Make sure that 
balance is satisfactory as evidenced by ace 


ELECTRICAL ENGINEERING 
- 


ceptable vibration, that end-play adjust- 
ment is correct, that brushes are free in 
brush holders with,springs in proper place 
and with brush pressure correctly adjusted, 
and that commutator or ring run-outs on 
bearings meet standard limits for the equip- 
ment. 


2. PREPARATION FOR TEST 


On freshly ground, turned, or polished 
commutators or rings, operate units approxi- 
mately five hours at light loads to obtain a 
satisfactory brush seat and to establish 
approximately normal brush film on com- 
mutators, rings, or other current collecting 
surfaces. 

Many machines will not give satisfactory 
performance characteristics until the brushes 
are seated properly. It generally is desired 
to have brushes seated 100 per cent before 
beginning tests, but where this is not prac- 


to or better than those shown in Figure 1 
have been found satisfactory. All brushes 
must be seated 75 per cent of face area and 
100 per cent of brush thickness for 50 per 
cent of the brush width. Where there are 
_ two or more brushes per stud, all brushes on 
one stud are to be considered one brush so 
far as brush seat is concerned. 


3. MEASUREMENTS AND MEruops 


The measurements and observations listed 
in sections a, b, c, and d generally are taken 
at the beginning of the brush test, at the con- 
clusion of the normal-altitude runs, and 
again at the conclusion of the high-altitude 

-Tuns. During continuous-duty test runs, 
the test readings listed in sections e, f, g, 
- and h generally are taken every ten min- 
utes until the machine and associated test 
apparatus reach reasonably steady operat- 
ing conditions. Then the intervals may be 
lengthened up to one hour or more. To in- 


sure detection of all significant changes, 


ALTITUDE IN 1000 FEET UNITS 


Ce) || ae 3 4 
TOTAL HOURS WITH VACUUM PUMPS 
OFF AND VALVES CLOSED 


Figure 6. Alltitude-chamber leakage control 


A and B=worst and best conditions over one 
month interval =adequate tightness to obtain 
—50-degree-centigrade dew point 
C=best obtainable after leaks around screws 
through the walls were sealed 
_D=a second chamber with an improved door 
seal 
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recording instruments should be used 
wherever possible. : 

a. Commutators. | Measure diameter, 
total gauge, and bar-to-bar run-out in the 
brush track. Where experience indicates 
there is any possibility of bar movement, 
commutator run-outs also should be checked 
outside the brush track. Note any irregu- 
larity across the face of the individual bars, 
such as “crowning,’’ indicating faulty ma- 
chining. 

‘Inspect undercuts for any evidence of 
feather-edge mica, excessive burrs, foreign 
material. 

b. Slip Rings. Check diameters, gauge 
run-outs, and note any evidences of faulty 
machining, such as wavy surface. 

c. Brush Lengths. Due to the wide 
variety of shapes, no standard method of 
designating brush length can be used. Gen- 
erally measure lengths from the same loca- 
tions shown on the brush drawing for the 
particular machine. Measuring to the 
edges of brushes is often necessary and is 
satisfactory if micrometers are used very 
carefully to prevent crushing of the brush 
edges. 

Brushes should be numbered by scriber 
or other means on a suitable surface for test 
identification and for location identification 
for further measurements. Brush wear is 
often only a few thousandths of an inch dur- 
ing the practical test time used. Therefore, 
great care in taking measurements is neces- 
sary if large percentage errors are to be 
avoided. ; 

Wherever practical, the use of a con- 
tinuous-indicating brush-wear device is 
recommended. The device should have ex- 
tremely small inertia and have no measur- 
able affect upon brush pressure. A dial- 
type indicator which has these character- 
istics, is free from backlash, and is easy to 
attach to the brush is pictured in Figure 7. 
A typical installation of the wear gauge 
in use on a test unit in an altitude chamber is 
shown in Figure 8. 

d. Brush-Spring Pressures. Measure 
with brush in the location corresponding to 
its riding position on the commutator or 
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Figure 7 (left). Brush-wear indicating device 


Rice 8 (above). Test machine with brush-wear indicator 


in altitude chamber 


ring. With many mechanisms the pressure 
may be determined easily by measuring the. 
pull necessary to lift the spring off the top — 
of the brush. On other types where the 
spring is maintained in position on the 
brush and the pressure is measured at the 
brush face, the brush mechanism should be 
vibrated during these measurements to 
eliminate the affects of friction in holders. 
Note any brushes which have sluggish or 
sticky action in the brushholders. 

e. Machine Temperatures. These are 

taken on all parts where temperature af- 
fects the life and reliability of that part, or 
of the brushes. In general, the minimum 
points of measurement are as follows: 
(1). Two motor brushes (one of each polarity). 
On small brushes with face area less than one-tenth 
square inch, the use of five-mil wire thermocouples 
is recommended. Whatever the brush size may be, 
it is important that the thermocouples have suffi- 
cient flexibility and that they are carefully installed 
to prevent any interference with brush movement. 
To permit brush wear during tests, thermocouples 
usually are installed one-fourth to three-eighths 
inch away from the brush face. Figure 4 indicates 
the need for measuring brush temperatures when- 
ever possible. } 

The brush face temperature is the basic 
measurement needed. Therefore, thermo- 
couples should be installed as close to the 
brush face as rate-of-wear conditions during 
the practical test time will permit. The 
temperature gradient between brush face 
and thermocouple location will vary greatly 
among different brush materials and with 
different ventilations. The gradient on 
nonmetallic brushes will be relatively high. 

To avoid erroneous thermocouple readings 
due to stray currents, it is desirable to keep 
thermocouples electrically insulated from the 
brushes and the machine. Wire insulating 
varnishes have been used to insulate the 
thermocouple tips in a manner that causes 
very little temperature gradient between the 
thermocouple and the brush. 


(2). Each slip-ring brush. 


(3). Each bearing housing as close to the bearing 
as possible. 


(4). Motor case. 
(5). Field windings or other stationary windings. 
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f. Altitude-Chamber Ambient Tempera- 
tures. Ventilation conditions in cham- 
bers are often far from ideal, because the 
chambers are relatively small; tempera- 
ture gradients, air turbulences and flows may 
exist in connection with the refrigerating 
systems; and large gradients’ may exist 
between the chamber wall and case tem- 
peratures of the machine under test. 

Check temperature on the chamber walls, 
in air six inches from the test machine intake 

‘air ports, and at as many other points as 
necessary to determine average air ambient 
temperature six inches from the test unit. 
In rammed-air-cooled machines the tempera- 
ture should be taken in the center of the 
air duct six inches from the surface of at- 
tachment of air duct to the machine. Keep 
ambient-temperature thermometers appreci- 


ably removed from the exhaust air of the 
test unit. 

g. Machine Performance. Take meas- 
urement of: input volts, amperes, and watts; 
speed; output volts, amperes, and watts; 
output or input torque; field amperes, and 
any other readings required to determine 


completely electrical performance of the ~ 


machine, 
h. Altitude. Use altimeter or barom- 
eter. 


4. Dew Point. Measure at beginning 
of test and at least every five hours there- 
after. The measurement desired is the dew- 
point temperature of air entering test ma- 
chine. Accurate values sometimes are 
difficult to obtain, particularly in altitude 
chambers. When testing self-ventilated 
machines in chambers having appreciable 


CARBON BRUSH TEST REPORT 


Tested at 
Serial Number of Test 
Machine Serial Number 

*Ring or *Commutator Metal 
Where Was Metal Obtained? 
Btush Grade and Treatment 
Where Were Brushes Obtained? 
Atmosphere (air, nitrogen, etc.) 
Refrigerant (dry ice, Freon, etc.) 
Dew Point (°F or °C) 
Altitude—Feet 

~Machine Speed in RPM 
Load Amperes 

Brush Density—Amps/Sq In. 
Field Current—Amps 
Ambient Temp (°F or °C) 
“Air In” Temp (°F or °C) 

Max.-Min. 

Average 


Brush Temp (°F or °C) { 
‘Ring or Comm. Temp (°F or °C) 
'_ f Ave. Initial 
Spring Force—Oz { Ave. Final 
; Max.-Min. 
Average 
Max.-Min. 
Average 


Friction Watts { 


Brush Contact Drop{ 


Hours Tested—Total 
Hours Tested at Altitude 
Actual Brush Wear—Inches 


- Indicated Brush Life per 14’—Hours 


Ring or Comm. Wear (Diam) Inches 
Date of Test 


Works in Bldg. 


CTT 
RTL 


Machine Model 


_ REMARKS: Commutation, Film Condition, Vibration, Ventilation, Reason for Stopping Test, ete. 


Signed __ 


Figure 9. Brush-test report 
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 Jeakage, it is important to meast 


(in addition to commutation) are affected grea 


er) 


point of air near intake of test u 
method for this is shown in Figure2. 

With negligible leakage, it would be 
adequate to measure dew point in only t 
dry-air supply lines to the chamber. T 
cal leakage-control tests are illustrate 
Figure 6. Experience indicates that leaka, 
control to assure low dew point is the m 
critical problem in high-altitude cham! 
operation. One cubic foot of leakage ai 
may carry as much moisture into cham! 
as several thousand cubic feet of air fre 
an alumina dryer. 


4, GENERAL Factors INDICATING BRUSH 
SuITABILITY, TROUBLES, AND PROBABLE 
CavusEs ; 


Observations of the following will assist 
in judging brushes and diagnosing trouble. 

a. Surface Condition of Commutator 
Slip Rings dy 
(1). Bar-to-bar burning, uniform or nonuniform, _ 
(2). Wearing out-of-round. <i 
(3). Ring grooving or threading, severity and 
stability. 2 
(4). Skip burning. Note any evidence which indi- 
cates the cause (bad mechanical run-outs, faulty 


brush mechanisms, bad rotor balance, defective 
bearings, brush overfilming). R } 


(5). Uneven film. 


(6). Indications of polarity spots when collectin g 
alternating current on slip rings. i 


b. Uniformity of Brush Wear. The 
following possibilities should be investigated 
when wear of individual brushes deviates 
more than plus or minus 20 per cent from 
average: i ae 


| 


(1). Polarity effects of brush material. 
(2). Uneven spacing of holders. © 
(3). Uneven brush-spring pressures. 


(4). Brushes stuck in holders or binding of pico 
holders. ; : 


(5). Brushes incorrectly positioned (wrong elec- : 
trical shift), 


_¢. Brush and Commutator Temperatures. 
Consider effects upon life of bearings and 
the insulation on brush holders, brush 
shunts, armature winding, and connections 
to commutator. > oa 

d, Mechanical Strength of Brushes. 
Are the brushes suitable for: 
| 


Particularly 


(1). Type of holder? Consider brush sidewear. ef 
(2). Service vibration conditions? 
consider the shunt connections. 


e. Effects of Brushes on Machine Charac- 
teristics. Check the over-all performance 
with respect to: as = 
(1). Power input over the load range. ‘ 


(2). Contact drop where machine characteristics 


by it, as on dynamotors, speed-regulated or: 
voltage-regulator circuits, and self-excited gener 
tors. Does the contact drop change sufficiently 
disturb voltage regulation or to prevent volt: g 
build-up of self-excited generators? During long 
test runs make periodic checks to determine any 


marked changes in contact drop 


(3). Commutating ability for expected manufac- 
turing variations of a particular class of machines. 


(4). Consistency of performance: 
From zero to high current densities. 
From low to high humidity. 

From lowest to highest operating temperature. __ 


(5), Brush riding characteristics, as indicated by 


ripple voltage, radio-interference filter requirements, 
and amount of brush chatter over operatingrange. 


q 
‘ 
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5. cane PRECAUTIONS FOR hives 
' ALTITUDE TESTS 


a. Altitude. Maintain within plus or 
minus 1,000 feet. 
b. Ambient Temperature. Maintain 


within plus or minus five degrees centigrade. 

¢. Contamination. Admit fresh air 
into the altitude chamber continuously to 
avoid accumulation of contaminating vapors. 

The vapors from bearing greases, incom- 
pletely cured paints, and insulating var- 
nishes of new machines have greatly im- 


proved the high-altitude brush wear in’ 


specific chamber tests, until the most vola- 
tile constituents evaporated and insufficient 
contamination remained to lubricate the 
brushes. On totally enclosed or only slightly 
ventilated machines, this self-contamina- 
tion may be pronounced, and there is often 
a great difference in brush performance on 
new and old machines, 

When practical, recirculation should be 
avoided and only fresh air admitted to the 
test machine. This can be done readily with 
pressure-ventilated machines, but is not 
feasible for most self-ventilated units be- 
cause of interference with ventilation and 
tadiation. Experience with recirculating 
ventilated chambers indicates that con- 
tamination usually becomes negligible if the 
chamber air is changed five to ten times 
per hour. The recommended frequency of 
changes depends on the relative size of 
chamber and test units. 

A chamber with recirculation should not 
have thermal insulation, braid-covered 
leads, varnish-cloth tape, wooden plat- 
forms, or other absorbent materials inside. 
It should be cleaned thoroughly before every 

test. Steam cleaning followed by a bake to 
dry out all moisture has been found satis- 
factory. The chamber should be flushed 
with dry air before refrigerating. The walls 
and cooling coils, if any, should not accu- 


mulate objectionable frost during an alti-— 


_tude test. | ; 
d. Need for Long Tests. On high-alti- 
tude trials of less than one hour, indicated 
brush life may be many times that obtained 
‘on a continuous-run-to-destruction. Some 
altitude-protected brushes may operate well 
for ten hours or more, and then suddenly 
dust, overheat, become unstable, cause ex- 
cessive friction; or high-contact drop. It is 
important to take relatively long trials as 
may be noted in Figure 4. 
e. Initial Equilibrium Conditions. 
altitude conditions usually are established 
before starting the test machines, thereby 
providing a more severe test for the brushes. 
Climb and dive cycles sometimes must be 
simulated, but unless otherwise. specified, 
‘equilibrium conditions should be estab- 
lished first. 


6. DURATION, REPETITION, AND SEQUENCE 
oF TESTS. 


Tests should be taken at rated speed, 
voltage, load (or load cycle), or ‘at defined 
specification conditions. 

a. Duration of Low-Altitude Tests. A 
qualification life test should be a minimum 
of 300 hours, or 25 per cent of guaranteed 
life, whichever is shorter. . 

°b. Duration of High-Altitude Tests. A 
qualification life test should be a minimum 
of 30 hours, or 25 per cent of guaranteed 
life, whichever is shorter. If necessary, the 
test may be divided into minimum runs of 
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Solderless 


F.H. WELLS 
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N the last few years solderless ter- 

minals have found an_ increasingly 
wide application. The fields of applica- 
tion include aircraft, shipboard, com- 
munication, and general industrial work. 
One of the most important reasons for 
their increasing use is the substantially 
decreased labor required in their applica- 
tion, as compared to soldered terminals. 
The use of solderless terminals also gives 
assurance of a greater degree of uni- 
formity with respect to both mechanical 
and electrical properties for the terminal 
conditions of the electric circuit. Fur- 
thermore, these terminals are more 
readily adaptable for such improvements 
as insulation supports for the wire insula- 


_ tion to which the solderless terminal is 


crimped and the use of a preinsulated 
terminal. In general, the use of solder- 
less terminals in both manufacture and 
application permits machine production 
and uniformity as compared to handwork 
necessary for soldered terminals. 


Description 


A type of solderless terminal is shown 
in Figures 6 and 10. These terminals 
consist of a tongue or lug for terminal- 
block connection, and an internally ser- 
rated barrel with sleeve for crimping to 
the wire. In general, the stranded wire 
with insulation stripped off the end is in- 
serted for the full length of the barrel, and 
then two adjacent lateral crimps are ap- 
plied. This crimping may be accom- 
plished by either a hand tool or a ma- 
chine press. An enlarged picture of this 
terminal through one of the crimp sec- 
tions for a 19-strand wire is shown in 
Figure 1. The section has been etched 
with a solution of ammonium hydroxide 
and concentrated hydrogen peroxide to 
indicate clearly the individual strands of 
wire following crimping. Sufficient pres- 
sure is exerted in the crimping operation 


Terminals 


J. C. BALSBAUGH 
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to give a flow of metal, so that maximum 
contact area between the strands and be- 
tween strands and terminal barrel is ob- 
tained. This gives maximum electrical 
conductivity for a given volume of metal. 
Furthermore, this would give maximum 


tensile strength for the terminal, and also — 


would give a minimum number of longi- 


tudinal channels for entrance of corrosive — 


liquids. or condensates. In general, the 
crimp is designed to give a tensile strength 
of the wire to the crimped joint approxi- 
mately equal to that of the stranded wire 
itself. Comparative tensile-strength test 


results are shown in Figure 2. In these 


tests failure was obtained by breaking 


_of the stranded wire itself rather than 


by the stranded wire pulling out of the 


crimped joint. The differences between 
the tensile strengths of the stranded wire 


itself and of the stranded wire when 


crimped to a terminal is due to different — : 


methods of terminating the wire in the 


two cases, with better equalization of 


individual strand stress being possible t in 
the first case. 


Soldered Terminals 


Since soldered terminals have bean, pe 
used for a long time, it is perhaps natural — 
that any other method of adapting a 
terminal to a wire would be analyzed © 
in comparison with the performance of a 
Certain of the in- — 


soldered terminal. 
herent difficulties in obtaining a satis- 
electric conductors 


appreciated. For 


Paper 44-220, recommended by the AIEE com- 


mittee on air transportation for presentation at the 


AIEE Los Angeles technical meeting, Los Angeles, 


Calif,, August 29-September 1, 1944. Manuscript — 
1 submitted May 4, 1944; made available for print- 


ing July 20, 1944, 


F. H. WELts is director of research with Aircraft- — 


Marine Products, Inc., Harrisburg, Pa., and J. Cc 
BALSBAUGH is associate _professor of electrical engi- 
neering, Massachusetts Institute of Technology, 
Cambridge, Mass., and consultant with Aircraft- 
Marine Products, Tuc; Harrisburg, Pa. 


15 hours or more with intervening low- 
altitude trials. 


c. Repetition of Tests. Because of 
variations in machine and test conditions, 
the results with three or more different units 
should be averaged to obtain representative 
brush life for a specific machine design. 
When only a single machine is used for 
tests, the results from two or more life tests 
should be averaged to obtain representative 
brush life for the particular machine. 


d. Sequence of Tests. 
tests usually are taken prior to high-altitude 
tests because: 


(1). 


The film formed at low altitude may influence 
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Low-altitude 


the high-altitude performance. Most units operate 
initially at low altitudes in actual service. 
(2). 


tion during extended runs. This characteristic 


might not be revealed by a short-altitude test only. 


(3). Mechanical deterioration of machines ad- 
versely effects brush performance. Chamber tests 
should simulate such unfavorable conditions as are 
likely to exist in flight. i 


(4). The more volatile components of lubricants, 
insulating varnish, and motor paint tend to be 
driven off during extended low-altitude runs. This 
reduces contamination of the altitude chamber. 


7. Meruops or Reportinc Test RESULTS 


‘ To assist in reporting all significant facts, 
a standard test data form similar to Figure 
9 is recommended. 
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factory. soldered joint are not generally 


Some brushes lose their high-altitude protec- 


tin-lead solder is generally used with 
either copper terminals or tinned-copper 
terminals and wire. A properly soldered 
joint is dependent, however, on the 
simultaneous achievement of cleanliness 
of metal surfaces and sufficient heating of 
the parts to be soldered. A successfully 
soldered joint involves the actual alloying 
_ of the soldered parts with the solder it- 
self. Insufficient heat will cause the sol- 
der only to wet the metal, but not to alloy 
withit. Since there is no difference in the 
appearance of the two types of soldered 
joints, it is extremely difficult to deter- 
mine whether two metals are soldered 
properly. The presence of large beads of 
- solder on a joint does not mean neces- 
sarily that the metals have been soldered 
properly. In fact, unnecessary solder 
prolongs the cooling time and enhances 
the possibility of movement of the parts 
to be joined, causing the solder to crystal- 
lize, thereby weakening the joint. 
In general, the electrical conductivity 
stability of a properly soldered joint is 
practically constant under long-time cor- 
rosion conditions. However, improperly 
soldered joints have shown relatively large 
increases in resistance under corrosion 
conditions. Such increases may be of the 
order of a few hundred per cent or more, 
depending upon the degree of departure 
from ideal soldering conditions. 


_ Test Procedures and Measurements 


One of the most important electrical 
characteristics of a terminal or electric 


Figure 1. Enlarged picture of crimped solder- 


less terminal 
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_ Figure 2. 


i 
\ 


conductivity. This may be determined 
by an electrical-resistance measurement, 
The initial resistance is of importance, — 
since it! is a measure of the electrical 
efficiency of the contact as a conducting 
medium, The change in resistance under 
corrosion conditions is of importance, 
since it will determine the electrical 
stability of the contact under operating 
conditions. This stability under operat- 
ing conditions is particularly important, 
since any great increase in resistance 
generally gives increased operating tem- 
peratures and a consequent increase in 
the corrosion rate. 

Since corrosion plays a large part in 
determining the relative electrical sta- 
bility of a solderless terminal, the design 
and metallic composition of a terminal 
must of necessity preclude any extensive 
corrosion. The terminal must be able to 
withstand operating conditions in which 
it may be exposed to high humidities, 
natural waters, chemical salts and brines, 


TENSILE STRENGTH — POUNDS 


22 20 18 I6 14 l2 10 8 6 4 
WIRE SIZE — AW.G. STRANDED 


Tensile strengths—terminals and 
wire 


and high temperatures. The terminal 
must be crimped in such a manner that 
no corrosion occurs because of cracking 
or fatigue in the metal. The metal used 


in the construction of the terminal must 


be such as to obviate any electrochemical 
corrosion due to galvanic action between 
the terminal and the wire. 

Electrical measurements of resistance 
of solderless terminals of the type de- 
scribed in this paper have been made 
under the following types of corrosion 
conditions: 

1. Continuous four per cent sodium- 
chloride spray. 


2. Continuous ten per cent sodium-chloride 
spray. 


3. Continuous four per cent sodium- 
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connection is the stability of the electrical 


_ spray. : ¥ 


' per second—vibration test made to gi 


Figure 3. Assembly of 1,000 solderless 
terminals for electrical measurements during - 


chloride with 0.1 per cent sodium-hydroxide 


4. Alternating four per cent sodium-chlo- 
ride spray and circulating-air oven at 100, 
133, 166, and 200 degrees centigrade. 
5. Alternating four per cent sodium- 
chloride and 0.1 per cent sodium-hydroxide © 
spray with 100 degrees centigrade circulat- 
ing-air oven. 3 
6. Relative humidity of 85 per cent alter- 
nating with 100 degrees centigrade cireulat- 
ing-air oven. EX i. 

7. Alternation of 100 degrees centigrade ~ 
circulating-air oven, four per cent sodium- 
chloride spray, and vibration test at 1/32- 
inch amplitude at a frequency of 2,000 cycles — 


flexing of stranded wire relative to terminal 
8. Sulphur dioxide vapor. . Se 
9. Alternating and direct currents corre- 
sponding to approximately three times 
normal rated currents for periods of thr 
fourths hour, alternating with different salt- — 
spray tests. > one 


The foregoing corrosion tests have been © 
made on different terminals for varying 
periods of time. In certain cases they 
have been continued for a period of 150 
days. It is believed that such corrosion — 
conditions are very much more severe 
than those normally encountered in any 
application, but they may be considered 
as accelerated tests. In addition, they 
indicate the particular characteristics of a 
given type of corrosion or the relative 
efficiency of different types of terminals, 
with respect to either materials or con- _ 
struction. ; 

Electrical measurements of resistance 
have been made using both alternati: 
and direct current, with the currents 
varying from ten microamperes up 
those substantially greater than the — 
normal rating of the wire. Resistance ~ 


| 
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Figure 4. Detail of 
connector 


measurements of this type generally 
fall in the range from one milliohm to one 
microhm.' The measuring circuits that 
have been used include the Kelvin-— 
Thomson bridge, potentiometer, and 
comparison methods. In general, any 


of these methods may be used with either - 


alternating or direct current. For rela- 
tively low resistances with low currents 
the use of alternating current is to be 
preferred, in view of the facility with 
which sensitivity may be increased by 
amplification. The use of alternating 
current also eliminates difficulties due to 
thermal and contact-voltage effects. 
the measurement of very low voltages, 


the use of a tuned circuit such as a wave 


analyzer is desirable. In general, any 
of the methods will give a sufficient pre- 
cision and accuracy with appropriate 
equipment and calibration. 


‘ 


Test Results ; Pe ae 


Measurements of the electrical resist- 
ance of solderless terminals have been 
made using different types of corrosion 
tests with different contact metals over 
‘very wide ranges of current, under 
different temperature conditions for both 
the measurements and the corrosion tests. 


RESISTANCE OF SOLDERLESS TERMINALS 
OVER A WIDE RANGE OF CURRENT 


Measurements of electrical resistance 


of solderless terminals over a range of 


-—%'—4 


Figure 5. Diagram of measured resistances— 
connector 
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current from ten microamperes to ten 
amperes in decade steps are given in 
Table I. These measurements were 
made on an assembly of 500 connectors 


as shown in Figure 3. The connector is . 


shown in Figure 4; each connector in- 
cludes two regular crimped solderless 
terminals with a short strip or link be- 
tween the individual terminals. Thus, 
the assembly in Figure 8 consists of a 
series connection of 1,000 solderless ter- 


minals or crimped joints. The connectors 


are number 16-14 with 19-strand number- 
14 American Wire Gauge insulated 
tinned-copper wire. The connectors as 
shown in Figures 4 and 5 are joined with 
a short length of insulated wire to give a 
seven-eighths-inch length of wire between 
adjacent faces of the connectors. The 
tesistances in ohms in Table I are indi- 
cated by Ri in Figure 5, and include one 
crimp plus a 7/,»-inch length of stranded 
number-14 wire plus one half of the link 
between connectors. The type of corro- 
sion used in this test consisted of a com- 


Figure 6. Solderless terminals for resistance 
measurements during corrosion tests 


bination of four per cent salt spray for a 
period of 24 hours followed by an equal 
period in a circulating-air oven at 100 
degrees centigrade. 

The results in Table I were measured 
at room temperature (20 degreés centi- 
grade), and at an elevated temperature 
approximating 100 degrees centigrade. 
In the current range from one milliampere 
to ten amperes the resistance measure- 
‘ments were made using alternating cur- 
rent at a frequency of 60 cycles per 
second, and below this current range they 
were at a frequency of 100 cycles per 
second. The test results show that the 


‘ resistance of the solderless terminals is 


independent of the current over the range 


from ten microamperes to ten amperes. 


This applies to resistance measurements 
at both room temperature and at 100 
degrees centigrade. In this case the cor- 
rosion test was continued for a period of 
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108 days, which would normally be con- 
sidered an extreme in terms of standard 
accelerated corrosion tests. 


COMPARISON OF TINNED-COPPER 
SOLDERLESS TERMINALS AND WIRE 
WITH CoRROSION-RESISTANT-TREATED 
SOLDERLESS TERMINALS 


The resistance measurements shown in > 
Tables II and III give a comparison of © 
resistance stability during corrosion of a 
tinned-copper terminal crimped to tinned- 
copper wire (Table II) with a corrosion- 
resistant-treated copper terminal and 


_ tinned-copper stranded wire (Table III). 


These resistance measurements were — 
made using two solderless terminals 


Figure 7. Diagram of measured resistances— 
terminal 


mounted back to back, as shown in 
Figure 6. The terminals are of a type © 
with an insulation support. The ter- 
minals are number 22-16 with seven-— 
strand number-18 insulated wire. The 
resistances in ohms given in Tables II 
and III are indicated by R, in Figure 7 
and include two crimped or solderless 
terminals plus five-eighths inch of wire 
plus a portion of each lug of each ter- 
minal. The corrosion cycle consisted of 
passing 15 amperes alternating current, 


Figure 8 (left). Extent of Contslow =R8- dogs 
salt-spray test 


Figure 9 (right). Series connection of sold- 
erless terminals 
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Resistance of Solderless Connectors at Cinfents Indicated 


Table I. 
: —— Te 
Duration of Microamperes Milliamperes Amperes 
Corrosion pe : Sa ae en 
Test—Days 10 100 1 10 100 1 y 10 
(1 SOR DES SE VES s i a ee eee 
Resistance Measurements at Room Temperature (20 Degrees Centigrade)—Ohm 
. Uniefeetee ae 0. 00019....0. 00019...... 0.00019....0.00019.,..0.00018,..... 0.00018....0.00018 
(oy eers rte O-00019. =... -07; 00019. oy: 0.00019....0.00019....0.00019...... 0.00019... .0.00019 
Se oie tatoos: 6 0.00019....0.00020...... 0.00020....0.00020....0.00020...... 0.00020... .0.00020 
PA eR mg es 0.00019...'.0.00020......0.00020....0.00020....0.00020...... 0.00020,...0.00021 
Rc arte eels ote 0.00019....0.00020...... 0.00020....0.00020....0.00020...... 0.00021... .0.00021 
BD, SoS eis 'at6.s)6 0.00020....0.00020...... 0.00020....0.00020....0.00020...... 0.00020... .0.00020 
BD ae ae sh O°000205- 0! 00021. a7. 0.00021....0.00021....0.00021...... 0.00021....0.00021 
ATT iota 0. 00021......0;:00021.... ...4:. 0.00021....0.00022....0.00021...... 0.00021... .0.00021 
Gay eet OU0a 1. . 10 70002 inert. 0 < 0.00022....0.00022....0.00021...... 0.00021....0.00021 
7 Re ODEs cranes 0.00021....0.00022...... 0.00023... .0.00023....0.00022,..... 0.00022....0.00021 
chivoeserieerc 0.00022....0.00024...... 0.00024....0.00024....0.00022...... 0.00022... .0.00022 
, Tia po Pee 0.00025....0.00025...... 0.00025....0.00025....0.00022...... 0.00022....0.00022 
OO yei5 oo oe 0.00025. ...0.00025..°... 0.00025....0.00025....0.00023...... 0.00023... .0.00023 
OS S.b.: ee 0.00024....0.00024...... 0.00024....0.00024....0.00023...... 0.00028. ...0.00023 
NOS viata fave in 0.00024....0.00023...... 0.00023....0.00023....0.00024...... 0.00024....0.00024 
_ Resistance Measurements at Approximately 100 Degrees Centigrade—Ohm 
yA OF OIRO 0.00028....0.00028...... 0.00028....0.00028....0.00028...... 0.00028....0.00027 | 
PIO fede 2 ss, 0.00028....0.00028...... 0.00028....0.00028....0.00028...... 0.00028... .0.00027 
( earaeaceges es 0.00028....0.00028...... 0.00028....0.00028....0.00028...... 0.00027... .0.00026 
BO. Mis a te 0.00028....0.00028...... 0.00028....0.00028....0.00028..-...0.00028....0.00028 
2 ee .-0.00028.,..0.00029...... 0.00028....0.00028....0.00028...... 0.00028... .0.00028 
WS i telprs vara 0.00028....0.00028...... 0.00029....0.00028....0.00028...... 0.00028... .0.00028 
a6 QO as Gongs 0.00030....0.00030...... 0.00030. ...0.000380..,.0.00029...... 0.00029... .0.00029 
hah DR een ane = 0.00030....0.00030..... ..0.00030....0.00030....0.00029...... 0.00029... .0.00029 


60 cycles per second, through the ter- 
_ minals for 45 minutes, followed by 71/4 
hours in ten per cent salt spray, after 
which the salt spray was shut off, al- 
though the samples were allowed to re- 
tain in the salt-spray chamber for the 
remainder of the 24 hours. Certain 
_ standard specification tests have used a 
similar corrosion cycle. It has been 
found for the high-current portion of the 
corrosion cycle that, if the tongue of the 
corroded terminals is adequately cleaned 
for contact purposes, no perceptible 
- heating of the terminals will ensue. 
_ However, if contact with corroded ter- 
-minals is made without cleaning of the 
_ contact points where current enters the 
terminals under test, excessive heating of 
_ the terminals will occur. These tempera- 
' tures may be in the range of 100 to 200 
_ degrees centigrade or higher, depending 
upon the extent of the corrosion where 
contact is made. However, such heating 
is at the contact points where current is 
brought into the terminal assembly and 
is not due to the resistance of the solder- ° 
_ less terminal itself. For these particular 
tests groups of pairs of terminals, shown 
in Figure 6, were connected in series by 
bolted connections, as shown in Figures 8 
and 9. Figures 8 and 9 show the extreme 
corrosion products formed after a period 
of 28 days or 28 corrosion cycles. A con- 
siderable portion of the corrosion prod- 
ucts that are shown results from the 
plated iron machine screw and nut that 
were used to bolt the terminals together. 
The resistance measurements given in 
Tables II and III were made across each 
pair of terminals, as shown in Figure 6. 
The results indicate a practically constant 
electrical resistance for the corrosion-re- 
sistant terminals throughout the corrosion 
test, as compared to an approximate , 
75 per cent increase for the regular tinned- 
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108....-.....0.00030....0.00030...... 0.00020... .0.00020,...0.00032...... 0.00032... .0.00031 


copper terminals, If allowance is made 
in the resistance measurements for the 
approximate resistance of the connecting 
wires between the two terminals, and of 
the resistance for a portion of the tongue 
of the terminals, the terminal resistance 
itself, as indicated by R in Figtire 7, is of 
the order of 0.00008 ohm for the tinned- 
copper terminals, and 0.00005 ohm for the - 
corrosion - resistant -treated terminals. 
Thus, the corrosion-resistant-treated ter- 
minal not only shows greater conductivity 
stability during the corrosion test, but 
also gives a decreased initial resistance 
per crimped or solderless terminal. The 
corrosion conditions existing in this 
particular test are undoubtedly very 
severe, and probably are very much more 
severe than would be encountered in any 
practical application. 


CONDUCTIVITY STABILITY OF RELATIVELY 
LARGE SOLDERLESS TERMINALS 
UNDER CORROSION 


The foregoing measurements of the 
electrical resistance of solderless ter- 
minals during corrosion have been made 
on stranded wire sizes 14 and 18 with cor- 
responding terminals. Tests also have 


Table Il. Resistance of Solderless Terminals—Tinned-Copper Terminal—Tinned-Copper 
Stranded Wire ‘ 


Duration of 


-Graphs 1 and 2, number 6 terminals with 


_ The corrosion cycle coneaned of eig 


Figure 10. Solderless terminals 


A—Before corrosion test | 
B—After 28-day corrosion test — 


. 


been made on stranded wire sizes & and 
6 with corresponding terminals. These 
tests have been made on two ‘terminals 
mounted back to back as shown in Fig 
10. Figure 10, part A, shows the termina 
before the start of the corrosion test, and 
Figure 10, part B, shows the terminal 
after 28 days’ salt-spray corrosion. | 

Figure 11 shows the resistance of the 
terminals and wire as a function of cor- 
rosion time or cycles during the test and 
includes: 


q 


Graphs 1 and 3, aaa terminals 
with tinned-copper wire. 


Graphs 2 and 4, corrosion esta eee 
copper terminals with tinned-copper 


3 


stranded (181 strands) wire, 


Graphs 3 and 4, number 4 ene aw 
stranded (132 strands) wire. 


hours of four per cent salt spray and 16 
hours of circulating-air oven at 100 d 
grees centigrade. The resistances 
measured in a manner corresponding t 
the cna shown in Figure 7, and ; in- | 


a 


Corrosion a eee 6 : - — 
Test—Days No. 1 No. 2 No. 3 No. 4 Average 

Were ret 0.00046 0.00046 ’ 

dice roe OODdBe aan ty 0.00052.........0. corneas 

SS het 8 0.00046.....5... 000046 es Bate 0.00052 0.00086... 0.00048 

iy a2 0.00048......... 0.00047.:.. :)....0. 00084 aineene ea 

A> en tere 0.00050......... 0.00051 

TE RS OuMO0B7: cua. 0.00052 

12 nee, 0.00055......... 0.00052 

Tepe oe Oe Oh OO0B Sekar 0.00052 

e. 0 OCY Gada, Vee 0.00052)... a. 
ee ae. 0,ooongee > 0.00062 RR 9 Stee 
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COC Caras) 


ELECTRICAL ac! | 


~ 0.00008 
- 0.00007 }y 


0.00006 © 


RESISTANCE ve 


fo) 4 8 i2ne Ibe 20 
DAYS — CORROSION TEST 


Electrical 
time of corrosion-resistant tinned terminals 


24 28 


Figure 11. resistance—corrosion 


clude two terminals plus one-half-inch 


to five-eighths-inch wire, plus portions of 
the tongue of each terminal. The results 
show relatively good conductivity sta- 
bility for both sizes of wire and for both 
types of terminals, the best stability be- 
ing obtained with the corrosion-resistant- 
treated terminals. Furthermore, the 


resistance of the corrosion-resistant ter- | 


minal is significantly less than for the 
tinned-copper terminal. Making appro- 
priate allowance for the resistance of the 
wite and tongue in the measurements 
given in Figure 11 gives a value for the 
initial barrel resistance (R in Figure 7) of 


~ the number-4 and number-6 tinned- 
copper 


terminals of approximately 
0.000014 and 0.000009 ohm, respectively, 
and of the number-4 and number-6 cor- 


- rosion-resistant terminals 0.000011 and 


0.000007 ohm, respectively. 


RESISTANCE MBASUREMENTS ON 
INDIVIDUAL STRANDS OF A STRANDED 
Wrre WITH A SOLDERLESS TERMINAL 


Previous resistance tests on solderless 


terminals have been made from one ter- 
minal to another terminal. In this case, 
however, resistance measurements have 
been made from each strand of a stranded 
wire to the solderless terminal crimped 
to the group of stranded wires. The 
purpose of these tests is to determine the 
uniformity of the resistances from the 
different strands to the terminal. Meas- 


' 
‘ 


Table IV. Resistance of Solderless Terminals—Strand to Terminal 


~ 


Duration of Corrosion Test—Days 


Strand 
Number | 0 13 27 34 44 50 57 
tS Sister st ate’ 0.00386..... 0.0087..... 0.0038..... 0.0086..... 0.0039,.... O:008B nae: 0.0035 ohm 
Rt oe en eR Be QO) 00402 Fart 0.0040..... O:0041D. Si. 0.0045..... 0.0041..... 0.0039..... 0.0038 ohm 
Co a ar A 0.0038..... 0..0039..... 0.0041. .... 0.0041..... 0.0041..... 0.0039...... 0.0039 ohm 
ese = i peel eh OR OOSSi Rese 0.00388..... 0.0039..... 0.0040..... 0.0040 559, 0.0037......0.0035 ohm 
Drench ites aye t 0.0088..... 0.0088..... 0.0038..... 0.0037..... 0.0039... @50087.242... 0.0036 ohm 
Gh detneee 0.0088..... 0.0039..... 0,0038..... 0.00875 .55. 0: 0041S fare 0.0039...... 0.0037 ohm 
i oa neh et URO03 Tiere 0.0038. .... 0.0038..... 0.0037..... 0.0039..... 0:0036,..... 0.0035 ohm 
ES ae 0: O04 Tae 0.0043..... 0.0044..... 0.0044..... 0.0045..... 0.0042....55. 0.0041 ohm 
eke one sees U4 ko bya 0.0044..... 0.0045..... 0.0044. -0.0046..... 0.0044.....°.0.0042 ohm 
NOS s aot enarte 0.00388..... O..0041 54%. 0.0043..... 0.0043..... Q.0042;....: OL 0041 ice « 0.0039 ohm 
MU as as adeasee 0.0088..... 0.0042..... 0.0043...... 0.0045..... 0.0043..... 0.0041.,.....0.0039 ohm 
sae Ames, 2 0.0041..... 0.0043..... 0.0044..... 0.0044..... 0.0045..... 0 .008B sae 0.0041 ohm 
Me ientate settee 0:,0039). 7 0.00415 23. ONO04 254)... 0.0041..... 00043. 223. 0.004037 .25, 0.0039 ohm 
ae Oe ie Re one 0.0039..... 0.0043..... 0.0043..... 0.0042..... 0.0044..-....0.0041...... 0.0039 ohm 
Lae creeds neater. 0.0040..... 0.0046.....0.0045..... 0.0045..... 0.0046..... 0.0044...... 0.0042 ohm 
erst ge, SERA ar 0.0039..... 0.0043..... 0.0043..... 0.0043..... 0.0044..... 0.0041......0.0039 ohm 
2 by OREN ae 0.0039..... 0.0043..... 0.0048..... 0.0044.....0.0044..... 0.0042......0.0040 ohm 
Lee tre Sok 0.0088.....0.0042..... 0.0043..... 0.0043..... G20044) cyan OO0ALS Tans 0.0040 ohm 
LQ. Se ae: 0.0040..... 0.0043..... 0.0045... 3a 0.0045 .2.2 . 0.0045. .'...0.0043...... 0.0041 ohm 


urements were made on an assembly, as 
shown in Figure 12, with the results being 
given in Table IV. A wire with 19 
strands was used in which strands 1-12 
inclusive were in the outer layer, 13-18 
inclusive were in the intermediate group, 
and 19 was the central strand. The 
results in Table IV give the resistance 
measurements made on each strand at 
different lengths of time during a 57-day 
corrosion test. The corrosion test con- 
sisted of a cycle of 24 hours in four per 
cent salt spray followed by 24 hours in a 
100 degrees centigrade circulating-air 
oven. In measurements of this type itis 
not possible to obtain a high degree of 
uniformity among the individual meas- 
urements shown in Table IV in view of 
the high resistance of the individual 
strand and the variable length of the 
individual strands. However, the re- 
sults do indicate both a reasonable uni- 
formity of individual-strand resistance 
measurements and a satisfactory con- 
ductivity stability for the individual 
strands. 


EFFECT OF DIFFERENT CONTACT METALS . 


WITH COPPER 


Previous test results have been ob- 
tained using regular tinned-copper ter- 
minals crimped to tinned-copper wire. 


The results in Figure 13 gave a compari- . 


son of the electrical resistance as a func- 


Resistance of Solderless Terminals—Corrosion-Resistant Treated Copper Terminal— 


Table Ill. 
Tinned-Copper Stranded Wire 
‘Duration of — te Ohm 
Corrosion 
Test—Days No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 Average 
Ci aeaciore ae, Ure Cae 0.00043....0.00042....0.00048....0.00042....0.00043....0.00043....0.00043 
i AE Sg RO 0.00043... .0.00043....0.00043....0.00042....0.00043....0.00043....0.00043 
AB Aa Ae ier 0.00043... .0.00043....0.00043....0.00042....0.00042....0.00043....0.00043 
aka AL 0.00040....0.00040....0.00040....0.00038....0.00040....0.00040....0.00040 
ey Sue aug exe 0.00041....0.00041....0.00043....0.00038....0.00041....0.00041....0.00041 
PA Se Mpls, eahasoaeke 9,00041....0.00041....0.00042....0.00040....0.00040....0.00042....0,00041 
ye ee eee 0.00042....0.00040....0.00042....0.00038....0.00040....0.00041....0.00040 
OE a ee 0.00041....0.00041....0.00040....0.00039....0.00040..,.0.00041....0.00040 
1G pg se, Core 0.00041....0.00040....0.00041....0.00039....0.00041....0.00040....0.00040 
ZL Aedes eer ocak, « 0.00041....0.00041,...0.00042....0.00039....0.00040....0.00042....0.00041 
be. A Rae rae 0.00041....0.00041....0.00041....0.00036....0.00088....0.00041....0.00040 
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tion of corrosion time, using graph 1, 
copper terminal with tinned-copper 
stranded wire; graph 2, tinned-copper 
terminal and tinned-copper stranded 
wire; graph 3, corrosion-resistant-treated 
terminal and tinned- -copper wire. These 


' tests were made using number-22-16 


terminals with seven-strand number-18 
wire. The measurements were made on 
two terminals mounted back to back, as 
shown in Figure 6, and include the re- 
sistance R; as indicated in Figure 7. The 
corrosion-test cycle consisted of four per 
cent salt spray for eight hours, followed 
by 16 hours in a circulating-air oven at 
100 degrees centigrade. The test ‘was 
continued for a period of 28 days. The 
curves in Figure 13 show that the 
greatest increase in resistance was ob- 
tained with the copper terminal on 
tinned-copper wire (graph 1), This in- 
crease in resistance may be considered to 
be due to the oxidation of the copper and 
to the galvanic action resulting from the 
two different contact metals. The greater 
conductivity stability of the tinned- 
copper terminal to the tinned-copper 
wire (graph 2) as compared to graph 1, 
copper terminal to tinned-copper wire, 
is due both to the absence of any electro- 
motive force between the different con- 
tact metals and to the greater chemical 
stability of the tin. Graph 3 shows the 
improved conductivity stability of the 
corrosion-resistant-treated copper termi- 
nal and tinned-copper wire. This is due 
to the fact that both corrosion and con- 
tact electromotive forces due to different 
metals have been effectively eliminated 
in this terminal. It is also of interest in 
studying Figure 13 to note that the ter- 
minals with the greater conductivity 
stability with corrosion time have the 
lower initial resistance. Since these 
differences in the initial resistances are 
due to differences in the barrel resistances, 
R of Figure 7, and since the initial resist- 
ances include some wire resistance, the 
differences between the barrel resistances 
are proportionally much greater than 
those indicated. 
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THE EFFECT OF DIFFERENT CONTACT 
-Merats Wit ALUMINUM 


_ The curves in Figure 14 give the rela- 
tive conductivity stability of different 
types of terminal metals with stranded 


aluminum wire. Graph 1 shows the re- 
sults with a tinned-copper terminal with 
_ aluminum wire; graph 2 shows an alu- 
minum terminal with aluminum wire; 

_ graph 3 shows a specially treated ter- 
minal and aluminum wire. These tests 
were made using number-22-16 terminals 
with seven-strand number-18 wire. The 
terminals were mounted back to back 
as shown in Figure 6. The resistance in 
ohms in Figure 14 is shown by R; in Figure 


7 and includes portions of each lug plus — 


two crimps, plus five-eighths inch of wire. 
The corrosion cycle consisted of eight 
‘hours of four per cent salt spray and 16 
hours of circulating-air oven at 100 de- 
grees centigrade. The greatest increase 
in resistance is obtained with the tinned- 
copper terminal to the aluminum wire, 
since in this case the increase in resist- 
ance is due both to galvanic action be- 
cause of different contact materials and 
to the oxidation of the aluminum. The 
aluminum terminal to the aluminum wire 
shows an initial rapid increase in resist- 
' ance, because of the rapid formation of 
relatively high-resistance aluminum ox- 
ide. However, the rate of aluminum- 
oxide formation decreases as a protective. 
coating is formed on the wire, thus giving 
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Figure 13. Electrical resistance—corrosion 
time of different contact metals—tinned copper 
- wire 
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‘Figure 12. 
sembly — electrical 
measurements strand 
to solderless terminal” 


Figure 14 (below). 
Electrical resistance 
corrosion time of 
different contact met- 
als—aluminum wire 


A220 IS 


f 


0.006 


\ 


es Sh 
22 See 


0.004 


RESISTANCE — OHMS ~ 


Oy yall Ba ie ee i6 eA) ie 
DAYS— CORROSION TEST 


somewhat greater resistance stability 
after eight days of the corrosion test. 
The greatest resistance stability is ob- 
tained with the treated terminal and 
aluminum wire, since in this case galvanic 
action is eliminated, and the chemical 
corrosion stability has been increased. 


THE EFFECT OF TEMPERATURE AN RS 
THE CORROSION CYCLE 


The curves in Figure 15 give the rela- 
tive conductivity stability of different 
types of terminals when subjected to a 
corrosion cycle consisting of salt spray 
alternating with circulating-air oven 
at various temperatures. The graphs 
marked A are the results obtained using 
tinned-copper terminals with tinned- 
copper wire; the graphs marked B are 
corrosion-resistant-treated terminals with 
tinned-copper wire. The temperatures 
used with the tinned-copper -terminals 
and wire are 25, 66, 100, 133, 166, and 
200 degrees centigrade. The tempera- 
tures used with the corrosion-resistant- 
treated terminals were 100, 133, and 166 
degrees centigrade. These results were 
obtained with number-22-16 terminals 
and seven-strand number-18 wire with 
the terminals mounted back to back as 
shown in Figure 6. The resistance in 
ohms in Figure 15 is indicated by R, 
in Figure 7 and includes portions.of each 
lug plus two crimps plus five-eighths inch 
of wire. The corrosion cycle consisted 
of eight hours of four per cent salt spray 
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Electrical resistance—corrosion- 


Figure 15. 
time effect of different temperatures 


followed by 16 hours in a circulating 
oven at the temperatures indicated. The 
results of electrical-resistance measure- 
ments as a function of corrosion time show _ 
very good stability at all tempera 
for the corrosion-resistant-treated 
minals. For the tinned- -copper ter 
the conductivity. stability i is satisfacto 
for all temperatures, except the highe 
ones. The effects of the high temp 
ture are both an increase in the corrosion 
rate, and the formation of oxides having 
relatively high specific resistance, 
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aly Solderiae terminals may be acsipre: C 
be both chemically and electrically stable 
under corrosion conditions of salt spray anc ad 


heat. It is believed that these corro 
conditions represent reascaably. se 
epeetis conditions. 


2. ‘The contact metals should bape max 
mum chemical corrosion stability and a 
minimum electropotential Bes them 
for improved performance. » 


3. The tensile strength of the stranded wire _ 
to the crimped joint of the solderless 
minal may be made approximately equa 
that of the stranded wire when termina 
in a solderless terminal, 


4. The electrical resistance of the acl : 
terminal -is independent of the magnitu 
of the current. Tests made on number. 
American Wire Gauge tinned-copp: 
stranded wire with corresponding solder 
terminal gave electrical resistance in 
pendent of the current over the range from 
ten microamperes to ten amperes at both 
room temperature and 100 degrees | i- 
grade. 


a le 


5. The denen resistance eof the solderles 
terminal is less than that for an equal length 
of the corresponding stranded wire. This 
should insure satisfactory operating | Pp 


formance with respect to temperature 
under load. - on 
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Electrical Control in Automatic Pilots 


C.M. YOUNG 
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Synopsis: Engineers generally have been 
encouraged to attack new seemingly difficult 
and complicated problems by adapting the 
general principles utilized in their peacetime 
work to specific situations arising from the 
changed methods of modern warfare. This 
is well exemplified in the solution of air- 
eraft-automatic-control problems. 

A summary of automatic-pilot principles 
and a description of some of the unique 
and less understood features of a speci- 
_ fic modern design are discussed in this 
Paper. It is of especial interest at the pres- 
ent time, because many manual operations 
of flight and engine control are being studied 
with a view to making them automatic, 
and, because as this trend becomes more 
pronounced, the interconnection of these 
automatic features will make the problems 
of each interrelated. 


 SFHE automatic pilot is, as its name 
implies, a mechanism capable of auto- 


matically piloting an aircraft and main-° 


taining it on a course, despite disturb- 
ances in the surrounding air. Such 
terms as “relief pilots,” “maneuvering 
pilots,” “hard or soft pilots,” are used 
_ to classify apparatus which accomplishes 


this result. Relief pilots are intended to > 


telieve the strain on the human pilot 
mainly during straight level flight and 
are more simple than the maneuvering 
type of pilot. Hard pilots are designed 
__to hold a given course or attitude rigidly 
~ without consideration for the comfort of 
the passengers and crew. The soft pilot, 
on the other hand, holds the general 
course and attitude but without uncom- 
fortably jarring the personnel. Some de- 
signs of automatic pilots incorporate all 
the features of relief, maneuvering, and 
hard or soft control. 
It is highly desirable to have the auto- 
matic pilot under the control of the hu- 
man pilot at all times, so that it serves 
as his assistant to relieve him of the routine 
operations of flying. He is thus. able to 
devote more attention to other problems, 
such as engine control and aerial naviga- 
tion. The advantage of relieving the 
human pilot in this manner has been em- 
phasized in the larger airplanes where in- 
creased personnel have been required de- 
spite the additional operations already 
made automatic. As more of the duties 
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_ are performed by an ‘‘automatic crew” 


under human guidance, the human crew 
will perform its work more proficiently 
and. with less fatigue. 
There are a number of requirements 
which an atttomatic pilot must meet in 
order to be considered satisfactory. 
Primarily it must hold any set course and 
attitude, within the limits of the air- 
craft performance, for periods suitable to 
the navigational problems involved. In 
accomplishing this it must be stable. 
It must neither cause the control sur- 
faces to flutter nor create hunting of the 
aircraft of a magnitude that would be 
noticeable to a passenger. Ease of opera- 
tion, both in turning the pilot “‘off” and 
“on” and in changing course or attitude, 


' is an important factor to the human 


pilot. Ease of overhaul and repair is 


A gyroscope tends to maintain a 
fixed direction in space 


Figure 1. 


equally important to the maintenance 
crew. As is the case with all equipment 
for aircraft, light weight and small size 
are essential, especially in parts mounted 
on the instrument panel. The automatic 
pilot should ‘‘fail safe,” that is, failure of 
any of its components should not result 
in violent motion of the airplane. In 
addition, the automatic pilot must be 


disconnected easily and overpowered _ 
. readily. 


The fundamental operation of an auto- 
matic pilot is relatively simple. — Basi- 
cally its operation is analogous to that of 
a human pilot. When an error in the 
course or attitude of the plane is detected, 
both the human pilot and automatic pilot 
move the control surfaces in such a way 
as to reduce this error and, so that the 
resulting motion of the aircraft is stable; 
that is, correction of course and attitude 
errors is accomplished smoothly and with- 
out overshooting. 

Detection of an error in course or at- 
titude requires a reference. 
are used almost universally as references 
for automatic pilots, since they tend to 
maintain a fixed direction in space, as 
shown in Figure 1. They also may. be 
used as references by the human pilot 
when the ground is not visible. Course 
and attitude errors may be determined 
by measuring displacement of the air- 
plane with respect to these gyroscopic 


ee 


Gyroscopes — 
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references. The measuring devices which 
are known as error detectors or pickoff 
units correspond to the senses of a hu- 

man pilot. .The signal from the pickoff 
unit is modified in the proper manner to 
achieve stability, amplified, and then 

transmitted to the control surfaces by 
means of a servomotor. As shown in 

the appendix, stable operation of the air- 

craft requires that the motion of the 

control surface should be responsive to 

the velocity, and in most cases the ac- 

celeration of the airplane in addition to 

being responsive to the error signal, that 

is, anticipation of the airplane’s future 

position, is required if stability is to be 

achieved.?.8 

Automatic-Pilot-System ‘a 

Components 


! 


In conventional automatic-pilot prac- 
tice the reference units are usually a di- 
rectional gyroscope, as shown in Figure 
2, with its spin axis horizontal for course 


reference and a horizon gyroscope, as 


shown in Figure 3, with its spin axis ver- 
tical for the pitch and bank references. 
The directional gyroscope is subject to 
random drift due to friction present in 
the unit as well as drift caused by the ro- 
tation of the earth. Consequently it is 
compared normally at periodic intervals 
with a magnetic compass and reset if 
necessary. It is possible, however, to 
couple the directional gyroscope to a 
magnetic compass so that it is reset con- 
tinuously and automatically. A mag- 
netic compass is not normally used for a 
course reference since it is seriously af- 
fected by pitching and rolling of the air- 
craft. However, if a gyroscope with a 
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Figure 2. Cutaway view of a directional 
gyroscopic control instrument 


vertical spin axis is used to maintain the 
compass in a horizontal plane, it may be 
used directly as a course reference. 

The horizon gyroscope is subject to 
drift. of the same type as that in the di-— 
rectional gyroscope. In this case, how- 
ever, a pendulous erection system, the 
average direction of which is the true 
vertical, is used to correct the instrument, 
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) 
The speed of this correction must be 
sufficiently high to correct for the earth’s 
rotation with a negligible error, but, be- 
cause of the centrifugal effects on the 
pendulum during turns, there is an upper 
limit to the speed at which correction 
may be applied. 
Gyroscopes may be of the air-driven or 
electrically driven type. The electrically 
driven units provide better performance 
at high altitudes, better starting charac- 
teristics at low temperatures, and a re- 
duction of the dirt hazard in the instru- 
ment. The recent developments of elec- 
tric gyroscope motors! of instrument size 
has made it practical to mount electrical 
gyroscopes on the instrument panel, 
thus utilizing them as flight instruments 


ELEVATOR SENSITIVITY 
POTENTIOMETER 


ELEVATOR SYNCHRONIZING 
INDICATOR 


AILERON Figs — 
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Figure 3. Cutaway view of a bank-and-climb - 


gyroscopic control instrument 

il iene ane ay 

as well as the references for the automatic 
pilot. In these small gyroscopes a-c 
_ motors of the squirrel-cage or hysteresis 

type are preferred to d-c motors because 

of the elimination of brush-wear and 
radio-interference problems, as well as 
___. the ease of attaining higher speeds. The 
_ 400-cycle a-c power system which is 
rapidly being adopted as standard air- 
craft power makes it possible to obtain 
high gyroscopic speeds and a resulting 


‘high angular momentum of the gyro- | 


scope with conventional four- or two- 
pole motors of the a-c type. 


to these references is normally measured 
with a pickoff unit which provides a con- 
trol signal proportional to this motion. 
The older mechanical or air-valve pickoffs 
in many cases are being replaced by elec- 


90 90 
COUNTERCLOCKWISE 


_ CLOCKWISE 
~— ANGLE— DEGREES —> 


’ Figure 4. Output voltage characteristic of 
electrical pickoff and follow-up units of the 
induction (Selsyn) type 
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The motion of the airplane with respect 


trical units which may be classified as the 


direct-contact or potentiometer type, thes 


variable-inductance or E type, and the 
induction-regulator or Selsyn type. In 
general, these units are oriented so as to 
produce an a-c signal, the polarity and 
magnitude of which correspond to the 


direction and amount of deviation of the 


airplane. Typical output voltage char- 
acteristics of the induction type are 
shown in Figure 4. 


Some of the stabilizing or antihunt 


signal sources which have been used are 
as follows: , 


(a). Restrained or rate gyroscopes, if 
properly oriented, will provide a displace- 
ment having a magnitude proportional to 
the angular velocity of the aircraft about the 
axis being stabilized. 


(b). A signal proportional to the position 
of the control surface or the force on it will 
contain both acceleration and velocity com- 
ponents of the motion of the aircraft and 
may be used for stabilization. 


(c). Accelerometers may be used to obtain 
acceleration components of the aircraft 
motion. : 


(d). Various aerodynamic measurements, 
such as wing-tip velocities, rate of climb, 


been used for stabilizing purposes. 


(e). 
directly to obtain derivative components. 
Tf this signal is electrical it is possible to 
perform this operation by means of con- 
ventional capacitor—resistance networks. 
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CONTROLS 


ELEVATOR 


PUSH TO CAGE CONTROL 
DIRECTIONAL GYROSCOPE SWITCH 


LOAD 
INDICATOR 


AUTOMATIC ROTATE CLOCK- 

SYNCHRONIZING WISE TO CAGE — 

INSTRUMENTS ~~ BANK-AND-CLIMB 
GYRO 


Figure 5. The control knobs combined on the 
instrument panel of a relief pilot 


The problem of automatic stabilization 
of an aircraft is complicated somewhat by 
the fact that the system parameters, in 
particular the inertia, damping constants 
and the response of the aircraft to control 
surface motion vary with loading, alti- 
tude, air speed, and so forth. Although 
it is true that there is considerable inter- 
action between the various axes of an air- 
craft, particularly the roll and yaw, it 
has been found that satisfactory relief 
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angle of attack, and lift on the wings have 


The error signal may be operated on 


‘the speed of low-power a-c servom 


count of this interaction. 8 
The power units or servomotors for 
operating the control cables may be classi. 
fied according to their power source 
Past experience with the pneumatic 
ton type of servomotor has demonstrat 
that they are operable, but that it is m 
difficult to stabilize the aircraft becar 
of the compressibility effects in the se 
motor. oe 
The hydraulic piston servomotor elin 
nates these compressibility effects 
provides an easily controlled source 
power; low-pressure units similar to tho 
shown in Figure 10 are in common u 
today. These units generally are pr 
vided with a by-pass valve for hydra’ 
disengagement during manual flig 
In order to permit the human pilot to 
take over control in case of an emergence 
relief or overpower valves are placed 
across the piston. aa x 
Electric servomotors are usually hi 
speed, of either the a-c or d-c ty 
driving through a gear reduction to 
output pulley. The use of this type 
servomotor has been limited somew. 
by the relatively high inertia to torq 


Ff On te a , PNA oe ae 
ibd 9 ey , Phair getse b) 
pilots can be built w 


weight of the control equipment r 

to obtain variable speed operation 
the complexity of the mechan 
gagement necessary for manual 


to run continuously, and the load 
been controlled by clutching. Sat 
reactors also have been used to cx 


Disengagement is usually accompli 
by means of solenoid-operated clutches. 
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Figure 6. Simplified diagram of one control : 
channel of a relief pilot q 
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The type of amplifier units will de- 
pend upon the type of pickoff and servo- 
motor used. For a system using an air- 


valve pickoff and a pneumatic or hy- 
draulic power servomotor, the fluid flow 


to the cylinder is controlled by a balanced 
valve which is actuated by a vacuum- 
operated diaphragm. The differential 
vacuum on this diaphragm is controlled 
by the air-valve pickoffs in the gyroscope. 
At high altitude, because of the reduction 
of atmospheric pressure, the force avail- 
able on the valve is reduced, resulting in 
reduced velocity of the servomotor. 
With an electrical pickoff an electronic 


amplifier is usually used, first, to dis-- 


criminate the polarity of the incoming 
signal, and second, to amplify it to a 
higher-power level. When this amplifier 
is used to control an electric servomotor, 
additional control means, such as satu- 
or  solenoid-operated 


clutches, are used. Hydraulic servo- 
motor units are controlled conveniently 
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on 


Figure 7. Seryvomotor amplifier with cover re- 
‘moved 


_ by means of a solenoid-operated balanced 


oil valve. 
Adjustment of the course and attitude 
of the airplane during) automatic-pilot 


flight, as well as alignment of the auto- 


matic pilot with the airplane before en- 
gagement, requires controls readily ac- 


cessible to the pilot. A change in course 
or attitude of the airplane is usually ac- 


complished by introducing a trim signal 
into the control circuit, thereby requir- 
ing that the airplane change its attitude 


to restore equilibrium. This trim signal | 


may be introduced mechanically by dis- 


placing the rotor of the pickoff with re- 


spect to the stator, by electrically dis- 
placing the stator signal by meas Coy ane) 
selsyn system, or electrically by intro- 
ducing a bias voltage. It is also desirable 
to have control of the damping action of 
the pilot as well as the control switches 
readily available. In the maneuvering 
type of pilot the turn and bank controls 
are combined, so that motion of one con- 


trol will introduce a rate of turn with the 
correct amount of bank. 


A Typical Autopilot With 
Electrical Control 


The automatic pilot described in detail 
in this paper exemplifies the basic fea- 
tures of automatic pilots and also illus- 
trates the trend toward electrification of 
many of its parts. It is a modern design 
developed specifically as a relief auto- 
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Figure 8. Servomotor amplifier characteristic 
te curves 


matic pilot and intended mainly for 
straight level flight, although capable of 
performing simple maneuvers. It incor- 
porates recent developments in small 
electric gyroscopic flight instruments and 
has fulfilled the need for an automatic 
pilot having the advantages of electro- 
hydraulic operation. Its panel mount- 
ing dimensions are interchangeable with 
those of older designs. A simplified dia- 
gram of one channel of the system is 
shown in Figure 6. 

The gyroscope references contain small 
hysteresis-type motors running at a 
synchronous speed of 12,000 rpm from 


a 115-volt 400-cycle 3-phase supply.. The 


rotor weight running outside the stator 


provides exceptionally high gyroscopic © 


stabilizing torques. Figure 2 shows this 


A cutaway view of a solenoid- 
operated transfer valve 


Figure 9. 


motor mounted in gimbals and geared to 
a vertical dial for use as a directional 
flight indicator. 

The pickoff units are of the induction 


type having rotors excited directly from a 


single phase of the 400-cycle supply and 
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stators wound single phase from which 
the signals are taken. The rotor of the 
directional pickoff is mounted on the 
gyroscopic vertical axis, and the stator of 
this unit is mounted on the frame. Con- 
sequently, there is no mechanical friction 
imposed on the gyroscope by the pickoff 
unit, since the rotor excitation is already 
available on the gimbal for motor power. 
The stator of the pickoff unit is mounted 
in a ring gear and driven by the knob on 
the front panel so as to provide a simple 
means for changing course while in auto-. 
matic flight. a 
Figure 3 shows the arrangement of a 
similar motor used for the bank and climb 
control. The spin axis is nearly vertical, 
and a unique electrical erecting device 
properly damped’ and actuated by gravity — 
holds it in this position. During turns 
the centrifugal force acting on the erect- 
ing device may cause a slight drift from — 
its correct position. However, a back- — 
ward tilt of the gyroscopic spin axis has _ 
been introduced to compensate correctly 


for this effect at a rate of turn of approxi- — 


mately 180 degrees per minute. At other — 
rates of turn the compensation is only 
approximate. ; 

The aileron pickoff unit is mounted — 


Figure ‘1 Gare hydraulic servomotor with an 
electrical follow-up unit coupled to it 


with its primary winding on the main 
gimbal and its secondary winding on the 
frame. The elevator pickoff is mounted 


-with its primary winding on the horizon | 


bar linkage, so that it moves with the — 
motor and has its secondary winding on 
the main gimbal. Typical output volt- — 
ages from the pickoffs for various angles 
of deviation are shown in Figure 4. 
The secondary windings of the aileron _ 
and elevator pickoffs are not rotated 
easily from outside the gyroscope, so that — 
potentiometer trim controls are added 
with knobs, as shown in Figure 5, and | 


_. with connections, as shown in Figure 6. 


The compactness and light weight of 
this pilot result in part from mounting — 
all the controls, with the exception of the 
‘on-off’ oil valve, directly on the face of 
the gyroscope. Separate sensitivity con- 
trol knobs are provided for rudder-, 
aileron-, and elevator-damping adjust- 
ment. Their electrical connections are 
shown in Figure 6, and the arrangement 
of the controls is shown in Figure 5. 
Small synchronizing instruments are pro- 
vided in the gyroscopic cases to indicate 
when the trim knobs are correctly set to — 
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hold the course and attitude that the 
plane is flying. These instruments read 
zero when the currents through the trans- 
fer-valve solenoids are balanced. 

The electric control switch for the 
“automatic pilot is mounted in the lower 
left-hand corner of the bank and climb 
gyroscope. “It has positions for: 


(a). The use of the gyroscopes only as 
flight instruments. 

(6). Theuse of the synchronizing indicators 
for “trimming” the automatic pilot before 
engagement. 


(c). The use of all the components in 
automatic flight. ; 


In addition to these control knobs, the 
normal caging and dial adjusting knobs 
of flight indicating instruments are pro- 
vided. 

The control signals for the rudder, 
aileron, and elevator functions are fed 

' into three separate amplifier channels in 
the servomotor amplifier shown in Figure 
7. The purpose of the amplifier is to con- 
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Flaue 11. A cutaway view of an electrical 
follow-up unit 


vert the low-level a-c signal input to d-c 
output of sufficient power to operate the 
solenoids of the hydraulic transfer valve. 
Essentially, each channel consists of a 
balanced two-stage amplifier connected 
so that the first-stage is responsive to the 
polarity and magnitude of the incoming 
signal, and the second stage is the power 
amplifier. With no input signal the out- 
put currents of each half of the channel 
are balanced. With an applied signal the 
current in one half of the channel will rise, 
and that in the other half will fall in an 
amount proportional to the signal voltage; 
if the signal polarity is reversed the effect 
on the output current is reversed. The 
form of the output current versus input 
signal curve is shown in Figure 8. 

_ The transfer valve shown in Figure 9 

_is actuated by the output of the servo- 
motor amplifier, and consists of three 
hydraulically balanced oil valves, each 
valve being positioned by proportional 
solenoids located at each end. These 
solenoids have armatures suspended in 
radial air gaps without bearings and are 
spring biased outwardly in the axial direc- 
tion from their magnetic centers. Differ- 
ential excitation of the solenoids produces 
an axial motion of the armatures which 
operates the valve. These units have 
been designed so that the rate of oil flow 
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from the valve is approximately propor- 


tional to the differential current through 
the solenoids. This characteristic, to- 
gether with the linear ele¢tronic amplifier 
characteristic, results in a servomotor 


velocity approximately proportional to — 


the input signal up to the saturation limit 
of the amplifier. The arrangement of 


solenoids at both ends of each valve in- - 


sures that the valve will fail safe, that is, 
return to neutral if the electric signal is 
removed, Conventional hydraulic ser- 
vomotor units, of a size dictated by the 
airplane requirements, are used with this 
equipment. 

The stabilizing signal used in this auto- 
matic pilot is a voltage proportional to 
control surface position. It is generated 
by follow-up units of the induction type 
similar to the pickoff units. The rotor, 
which is excited from the same phase of 
the 400-cycle supply as the corresponding 
pickoff, is coupled’ to the servomotor 
as shown in Figure 10. The signal from 


the stator of this unit is connected in . 


‘series with the pickoff signal before it 
enters the amplifier. The sinusoidal volt- 
age output characteristic of this unit, as 
shown in Figure 4, is modified by the non- 
linear crank-arm coupling, so as to pro- 


duce an output voltage essentially pro- . 


portional to the servomotor. piston dis- 
placement. A cutaway view of this 
electrical follow-up unit is shown in 
Figure 11. a 

Thus the control-signal voltage entering 
each amplifier channel is the resultant of 
three components: the trim control volt- 
age for manually setting the attitude of 
the plane, the pickoff voltage indicating 
the deviation of the airplane from the 
set attitude, and follow-up voltage in- 
dicating the deflection of the control sur- 
face from its neutral position. The re- 
sultant input signal determines the 


. 


amount and direction of unbalance in the ~ 


output currents: and, consequently, 


the amount and direction of oil flow from — 


the transfer valve. 

The typical sequence of operation of 
the system may be described in the follow- 
ing manner. Assume that the airplane 
has been flying in a straight course under 
the control of the automatic pilot so that 
the pickoff, follow-up, and trim voltages 
are zero. Under these conditions the 
amplifief output currents will be balanced, 
the transfer valve will be in the neutral 
position, and the servomotor will be sta- 
tionary. Now if it is suddenly displaced 
from its course by an outside force, a sig- 
nal immediately appears on the gyroscope 
pickoff thereby disturbing the resultant 
zero-voltage balance of the amplifier in- 
put signal. The resulting plate current 
unbalance in the power tubes of the am- 
plifier causes the proportional oil valve 
to move from its neutral position thereby 
permitting oil flow to the servomotor. 
The servomotor then moves the control 
surface in the proper direction to return 
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% . 4 i a ms ae 7 
the airplane to its original co 
soon as the control surface moves, 
age proportional to the amount 
movement is induced in the stato: 
follow-up unit. This voltage oppos 


and so reduces the current unb 
from the power amplifier as well as th 
displacement of the proportional v 
Consequently, motion of the contro. 
faces continues until these voltage 
equal and opposite. At the same 
however, the displacement of the con 
surface causes the airplane to rett 
gradually to its original course, thereb 
gradually reducing the pickoff voltag 
to zero. This reversal of input s 
polarity reverses the oil flow to 
servomotor, and so the control st 
gradually returns to its neutral position 
System equilibrium is again establi: 
when the control surface is in the ne 
position with zero follow-up voltage and 
when the airplane is set at the correct 
attitude with zero gyroscope pickoff ; 
age. “3 
If the electrical trim control in the 
of the elevator or aileron control is m 
from its neutral position thereby unba 
ancing the zero signal input voltage 
new equilibrium point will be rea 
when the airplane attitude has shifte 
that the gyroscope pickoff voltage is e 
and opposite to those introduced by 
trim control setting and the new follow-uy 
and control surface position required te 
maintain this attitude. No igi 
If the sensitivity control is adjusted s¢ 


i 


\ 


ERROR 
SIGNAL 
SOURCE 


AMPLIFIER) ) 
[ale 
KstKpptip*] 


that the follow-up excitation is decrea -d, 


the follow-up signal gradient is reduced, 
and the control surface must move aj 
greater distance to balance out the pick- 
off signal. This results in a “‘stiffer”’ | 
control. - ; 

Samples of this automatic pilot have: 
been used in tests to stabilize airplane 
various altitudes and flying speeds 
the indication that the sensitivity control 
knobs can be set on the ground to a satis-4 
factory position for most normal fh 
conditions, The stabilization of the 
plane as well as the direction held we 


found to be well within the desirable 
limits for this type of automatic pilot. 


Conclusions 


Automatic pilots are one step toward 
achieving complete automatic controls 
for aircraft. This step as a separate- 
“problem has been solved satisfactorily in a 


number of ways that are in general use. | 


One of the major advances in the art has 
been brought about by the electrification 
of several components for the automatic 
pilot, including the gyroscope motors, the 
etror signal pickoff, the follow-up units, 
and the amplifying units including the 
transfer valve. These have resulted in 
better starting characteristics, in more 
satisfactory operation at high altitude, 
and in the elimination of mechanical 
linkages to the instrument panel. The 
electrical pickoff and follow-up signals 
have made possible electrical trim con- 
trols for adjusting the stability of the air- 
craft. The use of small potentiometers, 
together with the recently developed 
electric gyroscopes of instrument size, 
allow all of the controls with the excep- 
tion of the “on-off” oil valve to be 
mounted on the instrument panel directly 
in front of the human pilot. The auto- 
matic pilot described in detail character- 
izes all the aforementioned features. 
Flight-test results have proved the 
superiority of this design as a relief type 
of automatic pilot. 


, Appendix. Theory of 7S (pantie 
Pilot Operation © 


~The mathematical study of automatically 
controlled flight is sufficiently complex to 
warrant an entire paper. Consequently, 
only a descriptive analysis will be presented 


to provide a better understanding of the - 


functions of the various components. 

Assume that there is no mutual effect 
among the three controlled axes, and that 
the problem of stability is concerned only 
with small angular deviations. One control 
axis of the pilot then may be represented 
schematically by the servomotor system 
shown in Figure 12. 

The component parts may ie any of the 
types mentioned in the paper. When an 
electrical pickoff is used its time constant is 
practically zero, and its output can be rep- 
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resented by £ where Eis proportional to the 
error angle. 

The stabilizing Sietat source usually has 
a small time constant, and its output can be 
represented by a. 
_ The input to the amplifier is §—a, and if 
» is the amplification the output is p(~—a). 
Although the time constants of amplifiers 
are greater than those of the signal devices, 
they are negligible compared with those of 
the airplane in the case of electronic ampli- 
fiers followed by solenoid-operated transfer 
valves. 


éo= w(E— a) (1) 


This output signal is connected to the 
servomotor to cause it to move at a rate 
proportional to the signal. A time constant 
will appear in the servomotor response, but 
again this is usually negligible so that if 6 
is the servomotor and control surface posi- 
tion tending to correct £, 


p) = Kip(§— a) 


where K, is the servomotor constant. 

The displacement of the control surface, 6, 
from its neutral point produces an approxi- 
mately proportional torque about the center 
of gravity of the airplane, so that the air- 
plane accelerates in a direction to decrease £. 
Lhe resulting angular velocity, however, 
gives rise to damping and static stability 
torques which limit the maximum velocity. 
This is the major time constant in the system 
and consequently cannot be neglected. The 
response of the airplane to control surface 
motion then may be expressed as: 


Kx = —K,t—Kppt—Ip*t 


where: 


(2) 


(3) 


K,=static stability constant 

Ke=control surface constant 

Kp=damping constant 
J=angular inertia of plane 


If equations 2 and 3 are solved simul- 
taneously, there is obtained: 


me “| Ki Kop 
Sr hates 


=0 


(4) 


With the airplane constants normally en- 
countered in control work and the system 
gain, K,K2u, required for reasonable ac- 
curacy of flight, a stable solution of equation 
4 requires that the last term be present in 
the correct amount. Generally, this term 


[oe oa p+ 


will be of the form: 
KiK _kiK 
1 2H 1 ae —Ap—Bp)t (5) 


I 


Young, Lynch, Boynton—Automatic Pilots 


so that equation 4 becomes: 


E + (Ae PE ‘3 


AK.K KK. 
(GA 8) 5 Ake : de 0 (6) 


By a proper choice of the constants B 
and A the solution of this expression will be 
damped properly so as to provide stable 
operation of the airplane. The constants 
Band A determine, respectively, the magni- 


tudes of the acceleration and velocity com-— 


ponents of airplane motion, p?£ and pé, 
which are used for stabilization. Various 
means have been used to obtain these com- 
ponents, but perhaps the most convenient 
and widely used method is to feed back into 
the amplifier a signal proportional to the 
position of the control surface. In this case: 


a=Kp mace, 


where K; is the feed-back constant. 
If equations 7 and 3 are solved ‘simul- 
taneously, there is obtained: 


KiK,, KiKp,, Ki, 
SS 8 
a Ke E K bE K pre _ (8) 

If equation 8 is substituted in eae toe 4, 
the equation of motion is: 


K,, KiK 
Ee 24 KK or i Hifi 


ee 0 (9) 


Proper stability adjustment is now ob- 
tained by adjusting K;. If the control-sur- 
face position is obtained as an electrical 
signal, Ks then may be varied easily so as 


to obtain the desired stiffness of control and 


flight characteristics for various types of 
airplanes. 
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| Peak Voltages With D-C Arc . 


Interruption for Aircraft 


- VIRGEL E. PHILLIPS 


ASSOCIATE AIEE 


URING the interruption of direct 
currents in circuits having induct- 


atice, the presence of high-voltage peaks . 


or “inductive kicks” is quite commonly 
recognized in a qualitative sense. There 
is however little quantitative data on 
this subject, particularly at the voltages, 
loads, and altitudes encountered on 
modern aircraft. : 

Data on inductive voltages usually are 
obtained by taking cathode-ray oscillo- 
grams or by observing a cathode-ray os- 
cilloscope. The former method is accu- 
rate but relatively slow and tedious; the 
latter, with the tubes available up to this 
time, has been somewhat questionable 


' because of the difficulty of clearly deter- 


mining by eye a single fast transient. 
In this investigation use has been made 
of a cathode-ray tube with a retentive 


screen—so retentive that the trace of a 


single half-cycle sweep of a 60-cycle wave 
takes several seconds to disappear. 


Using this tube it has been possible to 


take a large amount of data in a short 
time, so that, instead of relying on a few 
oscillograms, ten readings could be taken 
at each point and an average and range 


_ established for the voltage disturbances 
set up. . : 


circuits. 


. 


Scope of This Paper 


It is the purpose of this paper to pre- 
sent experimental data on the magnitude 


and variations of voltage peaks set up 


by d-c are interruptions of inductive 
These voltages were measured 
on d-c systems of 30, 60, 125, and 250 
volts with currents ranging from 0.1 to 
220 amperes and simulated altitudes 
from sea level to 50,000 feet. The loads 
used included typical aircraft devices 
such as motor fields and contactor coils. 
The effect of the induced-voltage peaks 
on insulation puncture or flashover was 
not investigated. This phase of the sub- 
ject requires a separate investigation. 
Because of limits in time, no attempt 


is made to explain theoretically the re- 
_ sults obtained. Rather, emphasis is on 


the presentation of data taken to date. 


Paper 44-200, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 14, 1944; made available for print- 
ing July 12, 1944. 


Vince, E. Pumps and WALTER P. MitcHEL, 
both now in the Armed Forces, were employed in 
the industrial-control engineering division of Gen- 
eral Electric Company, Schenectady, N. Y., at 
the time this paper was written. 
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WALTER P. MITCHEL 
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An investigation was made, at the same 
time, of the interrupting ability and the 
arc time of some of the devices used in 
these tests, and the results are presented 
in an accompanying paper by Quill and 
Rader. 


Summary 


| The data presented, may be summar- 
ized as follows: 


1. When a Switchette (the trade name for 
a small double-break switch with 0.020-inch 
gaps and opening time of one to two milli- 
seconds) was used on 250 volts and 0.4 
ampere at sea level, voltage peaks as high 
as 28 times line voltage or 7,000 volts were 
observed. 


2. A maximum peak of 130 times line volt- 
age or 3,900 volts was observed while operat- 
ing the Switchette double-break on 30 volts 
and .0.4 ampere at sea level. 


38. When the Switchette was used the volt- 
age peaks were found to decrease with alti- 
tude for all voltages tested. A maximum of 
seven to one in ratio of voltage at sea level 
to voltage at 50,000 feet was observed. 


4. Using a double-break contactor which 


has a *°/,e-inch gap per break and a gap- 


travel time of 12 milliseconds, the induced 
voltage peaks rise with altitude in every 
case. A maximum of two to one in the ratio 
of voltage at 50,000 feet to voltage at sea 
level was observed. The loads on which 
these tests were made, as the text of the 
paper will show, were very much less induc- 
tive than those used for the Switchette. 


5. Variations of humidity over a wide 
range has little effect on the voltage peaks 
at any altitude. 


6. There are no voltage peaks above 
normal line voltage in a purely resistive cir- 
cuit. For interruptions which take place 
in circuits having the same system voltage 
and the same initial current, the more highly 


inductive circuits caused the higher-voltage | 


peaks. . 


1s For any particular voltage lower cur- 
rents in general give higher peaks. An ex- 
ception was noted with the Switchette where 
peak voltage increased as current was re- 
duced down to about 0.4 ampere. A further 


decrease in current gave a reduction in 
voltage. 


8. For the same voltage and current, peak 
voltages occurring for double break on the 
Switchette were as much as 190 per cent of 


the single-break peak, 


9. The breakdown potential of one-fourth- 
inch-diameter -brass electrodes with alti- 
tude is shown in Figure 8 of the paper 
“Potential Breakdown of Small Gaps Under 
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_ of the interruption on the basis of en 


. until at some low value it sudde 


voltage to be induced across the indt 


an air gap of 1/,. inch the breakdoy 
was 4,000 volts at sea level and 1 
at 50,000 feet altitude. Peak 
higher than those were found in this inves’ 
gation, indicating the possibility of dama 
to insulation due to surface flashover | 
as might occur in an AN connector. 


10. Frequencies in the order of 50,( 
cycles per second were encountered, ust 
occurring at low currents and at high 
tudes. This is a possible source of in 
ference for radio equipment in the immed: 
vicinity. ~- j 


> 


Fundamentals of D-C Interruption 


The important factors contributin; 
the current-interrupting ability o 
switch in air are the material of the co 
tacts, the contact configuration, t 
speed with which the contacts open, ° 
final gap length, the condition of the a 
and the constants of the electric cir 
itself. ' La 
If the circuit contains inductance 
well as resistance, as it usually does, 


~~ 


Figure 1. Elementary diagram of test circu it 


— a _ 
Ss q 


> : z 
across the contact tips. Consideration 


reveals two sources of energy, that sto 
in the inductance and that suppli 

the source of power during the inte 
ing period. The total energy must 
dissipated in the resistance of the circ 
and in the arc itself. When the tips 
part, an arc will be struck, and he 
low arc voltage will appear. Curre1 
decrease as the gap between tips i 
nly 
go to zero or very nearly so. This 
sudden change of current causes a hi 


ance due to Ldi/dt, and this also mu 
appear across the contacts. This voltag 
may be enough to cause the gap to brea 
down again with a corresponding decreas 
in voltage to the are voltage for tha 
particular gap opening. There may 
several of these breakdowns, or, on 
other hand, the rate of recovery of 
dielectric strength of the air may 
faster than the first rise in voltage, a 
hence an interruption will occur on the 
first attempt. If the current goes to zero 
the voltage across the contacts must 
from the peak value to line voltage im1 
diately, iy a. 
However, indications are that in af 
appreciable number of cases the curret 
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ALTITUDE- THOUSANDS OF FEET 
igure 2. Peak-voltage distribution versus 
Ititude resulting from interruption of an induc- 
ive load of 0.4 ampere at 30 volts direct 
current with the double-break Switchette 


Sap: 0.090 inch per break. Ten consecutive 
eadings were taken, and the average, maxi- 
num, and minimum readings are shown. Load: 
nductive A, Table |, 0.4 ampere—four coils 
in parallel ; 


lrops suddenly from normal are current 
9 a very low current which may continue 
or some time. Thus voltage across the 
sontacts in this case would not fall rapidly 
rom the peak value down to line voltage, 
nut rather only to some intermediate 
value, and then slowly approach line volt- 
uge. This phenomenon is similar to that 
of the normal and abnormal glow periods 
as desctibed by Slepian.* Also, the glow 
period following the peak has been noted 
oy the authors in the experimental tests. 
fe common form was for the voltage to 
drop from the peak down to 300-500 
‘olts and remain for periods of the order 
pf one, millisecond, and then taper off to 
ine voltage. 

Although the initial conditions of volt- 
age and current are the same before each 
bpening, arc characteristics and peak 
oltage may differ widely on successive 
nterruptions. Some causes for these 
ariations may be: variations in open- 
mg speed, variations in air conditions and 
he amount of convection action on. the 
are, and irregularities in the contact sur- 
‘ace causing the arc to strike at different 
points on the contact. 

Gap opening except in a limited way 
and opening speed are factors in the peak 


0 prevent excessively high peak voltages, 
a d-c contactor that opens rapidly should 
not open too wide.* 


Test Equipment and Procedure 


In the measurement of the peak volt- 
hges, use was made of a new transient 
oscilloscope and associated circuit de- 
eloped in the industrial-control engi- 
neering division of the General Electric 
ompany. Its main feature is a high- 
oltage electronic tube, similar in shape 
and size to that used in the cathode-ray 
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roltage reached, but this investigation 
Hid not cover these variables. In general, | 


"oscillograph, but having a highly per- 


sistent fluorescent screen which allows it. 
to retain the trace of a single transient 
long enough to be observed by the eye. 
Thus peaks are read quite easily and ac- 
curately, and the wave shape on each in- 
terruption can be observed. A resist- 
ance—capacitance voltage divider de- 
signed to operate independently of the 
frequency over the range of frequencies 
involved was used. Every effort was 

made to keep the leads short and the rela- 
tive location of the equipment such as to 


minimize any pickup caused by the high- 


frequency oscillations at interruption. 

The general form of the test circuit is 
shown in Figure 1. The circuit-interrupt- 
ing device was placed in a sealed bell jar 
which could be evacuated. Leads were 
brought out through sealed terminals at 
the bottom. The effect of altitude was 
simulated by reducing the pressure within 
the bell jar, no attempt being made to 
control either humidity or temperature. 
The conversion of pressure to elevation 
was based on data from National Advisory 
Committee of Aeronautics report 218. 

For the high-humidity test a container 
of water with an electric-heater attach- 
ment was placed within the bell jar and 
left until water was condensing out 
around the bottom and on the jar itself. 
Thus a humidity approaching 100 per 
cent was attained and held for the dura- 
tion of this run. ; 

All the data presented in this paper 
were taken on the following two devices: 


1. An aircraft switch known as the Switch- 
ette. This is a small double-break switch 


- rated at ten amperes, single circuit, 30 volts, 


inductive load at all altitudes. It has silver 
tips of one-eighth-inch diameter and a gap 
of 0.020 inch. Single-break data were 
taken using this same Switchette with one 
contact blocked closed. Hereafter this de- 
vice will be designated as Switchette single- 


- break or Switchette double-break. 


2. <A double-break switch with a bridge- 
type movable contact arm carrying silver 
tips about one-half-inch diameter on seven- 
eighths-inch centers. The tip gap was set 
at 0.312 inch. This unit was a part of a 
commercial size-1 contactor (CR2810-1811) 
having a tip rating on alternating current 
of 25 amperes and a motor rating of 71/2 
horsepower at 550 volts. Hereafter this de- 
vice will be designated as the double-break 
contactor. 


The loads used are listed in Table I. 
The inductances given are differential 
inductances® calculated from magnetic 
oscillograms of current build-up. They 
serve the purpose of providing a basis of 
comparison of inductances and hence 
some, indication of the severity of the 
peak ,voltages. However, these values 
should not be accepted as those to use in 
calculations, as inductance is not a con- 
stant but rather a function of the current 
and rate of change of current for iron- 
core coils. For example, inductive A 
shows 55 henrys at 50 per cent current and 
8 henrys at 100 per cent current. Also 
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AVERAGE PEAK VOLTAGE 
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Figure 3. Average peak voltage versus re- 


sistance shunted across contacts resulting from 


the interruption of an inductive load of 0.4 
ampere at 30 volts direct current with a double- 
_break Switchette at sea level 


Gap: 0.020 inch per break. The average in 


taken for ten consecutive readings. Load: 
inductive A, Table |, 0.4 ampere—four coils 
in parallel 
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Figure 4. Average peak voltage versus ca- 4 
pacitance shunted across contacts resulting 


from the interruption of an inductive load of 


0.2 and 0.4 ampere at 125 volts with a single- 


break Switchette 


Gap: 0.020 inch. The average is taken for 
ten consecutive readings. Load: inductive 
A, Table |, 0.2 ampere—two coils in series, 
0.4 ampere—one coil 
A—O.2 ampere—Ofeet> -, 
B—0O.4 ampere—O feet x ‘ 
C—0.2 ampere—50,000 feet # 


Figure 5.- Transient oscilloscope’s screen dur- 

ing interruption of an inductive load of 0.2 

ampere at 30 volts direct current with the 
double-break Switchette at sea level 


Gap: 0.020 inch per break. Calibration— 

123 volts per’ division vertical—one-fourth 

millisecond per division horizontal. Load: 

inductive A, Table |, 0.2 ampere—two coils 
in parallel 
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; ALTI TUDE- THOUSANDS OF FEET 
Figure 6. Average peak voltage versus alti- 
tude resulting from interruption of an induc- 
tive load at 30 volts direct current with the 
single-break Switchette 


Gap: 0.020 inch. The average is taken for 


ten consecutive readings. Load: inductive A, 
Table 1,"0.1 ampere—one coil, 0.2 ampere— 
~ two coils in parallel, 0.4 ampere—four coils 
in parallel, 1.6 ampere—16 coils in parallel 


AVERAGE PEAK VOLTAGE 
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_ Figure 7. Average peak voltage versus alti- 

tude resulting from interruption of an inductive 

_foad at 125 volts direct current with the 
single-break Switchette 


Gap: 0.020 inch. The average is taken from 

ten consecutive readings. Load: inductive A, 

Table |, 0.2 ampere—two coils in series. 

Parallel combinations of above were used for 
0.4, 0.6,.and 0.8 ampere 


- it must be recognized that the induct- 
ances found by this method are not the 
exact values governing current interrup- 
tion, as the more nearly correct figures 
would be taken on current decay. 
Inductive-C load was used for all tests 
made on the double-break contactor. 
Current was varied over the range de- 
sired by changing a series resistance. 
Inductive A was used for-most of the 
Switchette data. The values shown are 
for one coil, the desired current at any 
voltage being obtained by changing the 
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‘Gap: 0.020 inch per break. 
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Figure 8. Average peak voltage versus alti- 
tude resulting from interruption of an inductive 


load at 125 volts direct current with the 


_ single-break Switchette 


Gap: 0.020 inch. The average is taken for 

ten consecutive readings. Load: inductive 

A, Table |, 0.4 ampere—two coils in series, 

0.2 ampere—two coils in series plus external 
resistance 
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Figure 9. Average peak voltage versus alti- 

tude resulting from interruption of an inductive 

load at 30 volts direct current with the double- 
break Switchette 


Was taken for ten consecutive readings. Load: 

inductive A, Table |, 0.1 ampere—one coil. 

Parallel combinations of above were used for 

0.4, 1.6, and 2.4 amperes. “A coil with one- 

ohm resistance, 360 turns, and 8.5 square 

inches mean cross-sectional area was used for 
18 amperes 


series-parallel combination of these single 
coils. 

As typical aircraft applications induc- 
tive-H, J, and K loads were tested. Also 
used was the shunt field of a one- ninth 


Phillips, Mitchel—Peak Voltages 


AVERAGE 4 VOLTAGE 


- Figure 11. 
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Figure 10. Average peak voltage versus al 
tude,resulting from interruption of an in 
load‘at 125 volts direct current with the do 
break Switchette ; 


Gap: 0.020 inch per break. The aver 
was taken for ten consecutive readings. Loe 
inductive A, Table |, 0.2 ampere—two co’ 
eee Parallel combinations of aes zr 
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Average peak voltage versus alti 
tude resulting from interruption of an in 
load at 250 volts direct current with the do 
break Switchette - 


Gap: 0.020 inch per break. The average we 
taken for ten consecutive readings. d 
inductive A, Table |, 0.4 ampere—two 
in series, 0.2 ampere—two coils in serie 

plus external resistance 


horsepower aircraft motor, but no in 
ductance figures are given for it. 

Data taken previously indicated 
peak voltages were higher for a load 
coil with an iron core than for the ; 
coil with an air core. However, 
voltages were much more erratic wit 
air-core coil, varying as much as: tw 
one on consecutive openings. 


Method of Test 
The trace | on the screen of the ' 


sient oscilloscope at each opening of 
interrupting device represents the 1 
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Table 1. Load Wnductange 
See SSS 


\ Inductance— 
c Load Rating ' Henrys at 
Load 100 Per 100Per  50Per 100Per 
esignation Load Load Data Cent V Cent I Cent I Cent I 
: Series and series-parallel 9,600 turns........ T256 eek OF42e ee RA Oe 8 
ductive A. . combinations of d-c in- 1,5-square-inch 
dustrial relays— data(.. iron area 
given from each relay Armature sealed 
- D-c series motor field _( Series field and 
ductive C.. } MDO-109 150 horse a 1 commutating 
" power bit 1 (. oe ee A DAO Piers aie ASO Nevers 0.002....0.0044 
2 BOQKEUENS chaser BR» fle Ness O54 as on 2) Ae Hs) 
ductive H.. { 100-ampere hee Bacal 0,5-square-inch 
contactor coil ae iron area 
a uae Armature sealed 
ductive J... enoid-type 200-am- 
: { oan i paar aes ed Seen a2, tae Odie hse ee Bea 
2 ( Balanced armature-type 3,100 turns........ QL oret 0.19 
ductive K., 100-ampere contactor .. ) 0,09-square-inch : 
coil iron area 
Armature sealed 


on of voltage across the contacts with | 


me. In taking readings, the contacts 
ere closed long enough to allow the cur- 
snt to reach its steady-state value, and 


nen the maximum voltage across the 


ontacts as they opened was recorded. 
n all the data presented the peak voltages 
e the average of ten values taken on 
sn consecutive interruptions. A typical 
istribution of these ten readings is shown 
1 Figure 2. The average values have the 
dvantage of giving a more uniform curve. 
lso, any insulation breakdown due to 
eak voltages which causes surface flash- 
er and tracking probably will be a grad- 
‘result of a large number of high volt- 
es which can be represented best by the 
erage value. Repeat tests taken at a 


sproduced within ten per cent. 


ffect of Parallel Resistance or 
Capacitance 


An investigation was made of the ef- 
‘et on voltage peaks of resistance or 
apacitance shunted across the contacts. 
h Figure 3 is plotted the variation of 
pak voltage with shunt resistance over 
range from 1,000 ohms to one megohm. 
bove 100,000 ohms, the peaks remained 
unchanged by an fncrease in resistance. 
s the input resistance to the transient 
scilloscope is two megohms, it is well 
ve the range at which appreciable 
ippressing effect is present. This fact is 
lenificant when it is recalled that, if a 
agnetic oscillograph is used to measure 
¢ voltages, resistance must be placed 
parallel with the tips of the interrupting 
byice. The magnitude of this shunt re- 
stance’ is proportional to the system 
age and exerts an appreciable sup- 
essing effect on the peak voltage. 
hus a magnetic oscillograph is usually 
satisfactory for measuring peak volt- 
res, even if the frequency response 
ere otherwise satisfactory. 
In Figure 4, average peak voltage is 
otted against capacitance shunted 
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ter date indicate that test points can be. 


AVERAGE PEAK VOLTAGE (TIMES LINE VOLTAGE? 
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Figure 12. Average peak voltage (ten read- 


‘ings) versus altitude resulting from interruption 


of an inductive load of 0.4 ampere at 250, 125, 
and 30 volts direct current with the double- 
break Switchette 
Load: inductive A, Table: gap: 0.020 inch 

per break 
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Figure 13. Average peak voltage (in number 


pe 


es Ss 


‘of times normal line voltage) versus altitude 


resulting from interruption of an inductive load 
of 0.4 ampere at 250, 125, and 30 volts 
direct current with the double-break Switchette 


Load: inductive A, Table |; gap: 0.020 inch 
per break 
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Figure 14. Effect of humidity on peak voltage 
resulting from interruption of an inductive load 
at 30 volts direct current with the double-break 
Switchette at sea level 


Load: inductive A, Table | 
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Figure 15. Average peak voltage versus alti- 


tude resulting from the interruption of an F 


inductive load at 30 volts direct current with 
the double-break contactor 


Load: inductive C, Table |; gap: 0.312 inch — 
per break 
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Figure 16. Average peak voltage versus alti- 

tude resulting from the interruption of an in- 

ductive load at 60 volts direct current with the 
double-break contactor 


Load: inductive C, Table |; gap: 0.312 inch 
per break . 
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"AVERAGE PEAK VOLTAGE 


ALT! TUDE- THOUSANDS OF FEET 


Figure 17. Average peak voltage versus alti- 

tude resulting from the interruption of an in- 

ductive load at 125 volts direct current with 
the double-break contactor 


Load: inductive C, Table |; gap: 0.312 inch 
per break 
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Figure 18. Average peak voltage versus alti- 
tude resulting from the interruption of an 
_ inductive load at 250 volts direct current with 
py. the double-break contactor 

on Load: inductive C, Table |; gap 0.312 inch 

per break 


across the contacts on an improvised 


_ semilog scale. The voltages remain uni- 


form with increase in capacitance until 
about 0.0001 microfarad. The input 
capacitance of the transient oscilloscope 
is approximately 0.00003 microfarad, and 
hence is well below the critical values. 
It is interesting to note that two of the 
curves show a definite rise in voltage, in- 
dicating that, while large values of ca- 
_ pacitance are effective in suppressing 
peak voltages, certain critical values 
may give rise to abnormally high peaks. 


Test Results 


Wave Shape of Typical Interruptions. 
In Figure 5 is shown a typical recovery 
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Figure 19. Average peak voltage versus alti- 
tude resulting from interruption of an inductive 
load of one ampere at 250, 125, 60, and 30 
volts direct current with the double-break 
contactor 


Load: inductive C, Table |; gap: 0.312 inch 


per break 


trace for the Switchette as viewed on the 
oscilloscope. Although the sharpness of 
the peak, the number and shape of the 
preceding oscillations, and the time for 
decay to circuit voltage varied consider- 
ably as circuit constants were varied, 


this same general shape of the voltage 


wave during recovery was present in 
most cases. In a few traces, particularly 


at 30 volts, a horizontal portion (charac- — 


teristic of a glow discharge) at a voltage 
several times line voltage appeared some- 
times before and sometimes after the 
peak. In general the peaks occurring 
with the double-break contactor appeared 
much sharper than those with the Switch- 
ette, and build-up and decay periods were 
longer and had less oscillatory disturb- 
ance. 

Effect of Altitude on Switchette. _ Fig- 
ures 6 to 1i show the variation of aver- 


age peak voltage versus altitude for the - 


Switchette with a 20-mil gap per break 
for both single-break and double-break 
operation at 30, 125, and 250 volts direct 
current on load inductive A, Table I. 


In every case, the peaks are lowered by 


an increase in altitude, the characteristic 
variation being that of an S-shaped curve 
with usually very little change in magni- 
tude of the peaks taking place near sea 


level or near 50,000 feet. The decrease in . 


magnitude of the peaks at the higher 
line voltages represents a change of more 
than five to one for some currents, as 
altitude is increased from 0 to 50,000 
feet. 

Effect of Current on Switchette. igs 
should be noted that in most cases as 
current is increased froma very low 
value up to 0.4 or 0.6 ampere, the magni- 
tude of the peak increases, after which an 
increase in current lowers the peaks. 
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Figure 20. Average peak’ voltage (in nu be 
of times normal line voltage) versus altit 
resulting from interruption of an inductive | 
of one ampere at 250, 125, 60, and 30 
volts direct current with the double-breal : 

contactor — i? 
Load: inductive C, Table 1; gap: 0.312 inch 
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Figure 21. Average peak voltage versus alti- 
tude resulting from interruption of ind: 
loads at 30 volts direct current with 

- double-break Switchette a 
Load: aircraft devices now found on 30-vol | 
systems. See Table | a 


There is some reason, based on test 
reported here, to believe that the m 
tude of the peaks again increases as 
current approaches some conside 
higher value, providing of course t 
interrupting limit is not exceeded 


much more noticeable at sea level 
at high altitude. 

Effect of Line Voltage on Switchet 
In order to show the comparative p 
voltages attained with the three diff 
applied voltages at the same 
Figure 12 is plotted. This indicate 
comparative severity of the peak 
one of the worst conditions—tha’ 
ampere, double-break. The same 
shown perhaps more spectacul; 
Figure 13 in which the ordinates 
been changed from absolute volta 
number of times line voltage. In 


ig this comparison at different line volt- 
ges, it should be noticed that the in- 
uctance values are different. The in- 
uctances at 30 and 125 volts are about 
he same, whereas that at 250 volts is 
onsiderably lower. 
Effect of Humidity. 


Tun was taken at 30 volts, zero altitude 
nd the results plotted in Figure 14, 
howing peak voltages as a function of 
urrent, both at room humidity and a 
ery high relative humidity (near 100 
er cent). According to these results, 
_ wide variation in humidity does not 
ffect materially the magnitude of the 
eaks, 
Effect of Altitude on Double-Break Con- 
uctor. To cover higher-current ranges, 
‘igures 15 to 18 are presented for the 
louble-break contactor. 
hat the general tendency is for peak 
‘oltages to stay fairly constant or to in: 
rease somewhat with altitude, depend- 
ng upon the current interrupted. Note- 
vorthy here are the curves for the 60-volt 
nd 125-volt supplies where the peaks 


ose at the higher currents. 

n the current range used here the peaks 
reas with increasing current, though 
his decrease is small at the higher cur- 
ents. There is, however, some indication 
gain of an increase in the peaks at some 
aitly high current (Figures 15 and 16). 
~The peak voltages versus altitude re- 
ulting from the interruption of one am- 
ere at the four voltages are ad on 
igures 19 and 20. 

Typical Aircraft Loads. 
hows the peaks resulting from interrup- 
ion of a 30-volt circuit by the Switchette 
double-break) using inductive loads J 
d K and the shunt field of a one-ninth- 
orsepower motor, all of which are typi- 
al aircraft devices. In the first two 
ases, the current was something above 
e-half ampere; and in the latter case, 
bout one-quarter ampere. It must be 
ealized, however, that the inductances 
ealt with here were much smaller, than 
hose of load inductive A. Inductive 
bad H was also tested and gave very 
early the same peaks as K. These 
eaks must not be construed to be the 
haximum occurring with any aircraft 
evice, but were taken as being for typi- 
al applications. Other devices, possibly 
rith critical values of lead capacitance, 
ight give rise to higher values than for 
he cases shown. 


onclusions 


Experimental data presented in this 
aper show that voltages of 7,000 volts 
e possible across the contacts of a 
witch-interrupting direct current. While 
he breakdown effect of these peak volt- 
ges has not been studied, it is quite pos- 
ble that they are sufficiently high to 
ause insulation breakdown or tracking. 
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In order to show © 
he effect of humidity on peak voltages, 


It will be seen | 


t one ampere jump to two or three times - 
In general, _ 


rere Zi) 


| Very High-Frequency Radio-Noise 


Elimination 


T. B. OWEN 


ASSOCIATE AIEE 


HE subject of radio-noise elimination 
on aircraft has always been a contro- 


versial one, even when the frequencies 


involved were relatively low. With the 
introduction of very high-frequency 
equipment the controversy has started 
afresh. The presence of radio noise in 
very high-frequency installations has 
caused observers to forget the principles 
learned in the work at medium frequency 
and high frequency, simply because the 
very high-frequency installation appar- 
ently did not follow the same rules that 
applied to the lower-frequency equip- 


ment. It is the purpose of this paper to 


outline generally the principles of radio- 
noise elimination at all frequencies, and 
show how these same principles apply 
specifically at very high frequency. 
Because of the variety of conditions 


which may be encountered in aircraft 
radio-noise tests, it will not be possible 


to detail the test procedures and cor- 
rective measures necessary for very 
high-frequency radio-noise elimination. 
Rather, it is desired to discttss basic con- 
cepts in such a manner that radio-noise 
test procedure can be made a matter of 
routine. An outline’ of test procedure 
insofar as the engine ignition system is 
concerned is given, and the remedial 
measures necessary are generally indi- 
cated. The whole procedure is based 
upon the concept of determining the 
coupling path into the receiver, with the 
idea in mind that once this is known the 
method of eliminating the coupling path 


Paper 44-211, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1,.1944. Manuscript 
submitted June 5, 1944; made available for print- 
ing July 19, 1944. 


T. B. OwEN is development and test engineer, engi- 
neering department; Douglas Aircraft Companys 
Inc., Santa Monica, Calif. 


It was also shown that these peaks are 


~ not always worse at altitude. 


The’ two devices investigated gave 
considerably different results, but this is 
not surprising, for the devices were not 
similar. Furthermore, the load ranges 
and values of inductance differed widely. 


The subject requires a considerable 


amount of further investigation. 
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is best reached by a consideration of the 
construction of the:airplane under test. - 

It is unfortunate that many of the 
terms in use in radio-noise-elimination 
work are so broad and ill-defined that they ‘ 


' cannot be used without careful definition. 


Since the loose. use of these terms has led 
to some confusion, immediately following 
a list of definitions is given. 


Definitions nate ae 


A radio-influence source is defined asa 
generator of radio-influence voltages, ; 
currents, or fields, and which is capable 
of exciting a radio receiver in such a way 


as to produce acoustic output, providing 
the necessary coupling exists between the 
radio-influence source and the radio re- 
ceiver. This implies that the radioim- ; 


fluence source is only influential in pro- 
viding such an output, and that the meas- __ er 
urement of the source is not a measure of —_— 
\ 

the final result. 
Radio noise refers’ specifically to that | 


portion of the acoustic output of a radio a, 
receiver produced by coupling a radio- uit 
influence source in any manner whatso- “* oe 
ever to the radio receiver. al 


A coupling source or path is defied as. 4 


_ the impedance or circuit element whichis 


excited by the radio-influence source so 
as to produce acoustic noise in the out-— 
put of the radio receiver. The coupling ; 
source or path may be the radio-influence __ Be 
source in some cases, but may be any ~ 
part of a circuit, such as a wire,in which 
radio-influence currents are flowing. J 
Ground plane—structure ground. Al- — a 
though separated from earth, the metal 
body of the aircraft acts as a reference 
plane for the purpose of this paper, and a 
all potentials are in reference to: this,i- = 
point. The plane of ground potential is 
not an obscure hems plane diffi- — 
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cult to locate as in many earth trans- 
mission problems, but is a sharply de- 
fined plane of nearly uniform potential 
existing directly at any metal portion of 
the structure. : / . 

Antenna refers only to the portion of 
the antenna circuit outside the fuselage, 
and specifically excepts any portion which 
is inside the fuselage. 

Leadin refers only to the portion of the 
antenna circuit which is either inside the 

- fuselage or is shielded in any way to pre- 

vent undesired coupling of any type. 

-The antenna circuit of a radio receiver 
is defined as that circuit through which 

the current flows as a result of signal 

voltages generated in the antenna due to 
its presence in a radiation field from a 
transmitter antenna. As such, it includes 
the antenna, the leadin (either shielded 


or unshielded), the receiver input circuit, 


and the ground-return circuit. 
_ Methods of Radio-Noise Generation 


The radio-influence generators with 
which we are most concerned are those 
within the airplane itself, and are almost 
exclusively electrical devices of one sort 
or another. At medium frequency and 
high frequency almost any electrical de- 
vice may act as a generator of radio in- 

fluence, but at very high frequency the 
main source is the engine ignition system. 
Other devices may be troublesome, but 


_ these cases are infrequent. They will be 


dealt with later in this paper. 
: i 


Tue Arrcrart IGNITION SysTEM 


1 - . 

The aircraft ignition system consists 
essentially of a high-voltage magneto 
and distributor. See Figure 1 for a 
sketch of the system. 

In the magneto itself, the primary cir- 
cuit is controlled by the opening and 
closing of a contact switch. The second- 
ary circuit is connected through the 
distributor to the appropriate spark plug. 
Provisions are made for starting by the 
use of either a booster coil or an ignition 
vibrator; 
voltage directly into the distributor, 
while the ignition-vibrator type is. di- 
rectly connected to the magneto primary 

coil, In either case, operating power is 
supplied by the d-c power system of the 
airplane. — 
In order that the pilot may control 


the ignition system, a wire from the pri- 
mary side of the magneto is run to a 
control switch in the cockpit. Here, pro- 
visions are made for grounding the pri- 
mary of the magneto. The very steep 
fronts characterizing the voltage in the 
primary circuit (see Figure 1A) make it 
capable of impulse exciting any circuit 
to which it is coupled. For this reason 
the magneto grounding switch and the 
grounding leads should be well shielded. 
The switch should be one in which the 
battery switch is not included, and should 
be grounded to basic structure as close 
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the booster coil feeds high 


‘ 


to the switch as possible. If the ground- 


ing wire runs outside the ignition switch 
box, it should be shielded also. 


Since the voltage in the secondary cir- 


cuit is definitely of oscillatory character 


(see Figure 1B), it is necessary to shield 


every portion of this circuit very thor- 


oughly. The instantaneous energy con- — 


tent of these oscillations is very high, 
and the frequency range goes up into 
the superhigh-frequency region. 

The oscillatory circuit, composed in 
the main of the spark plug, the spark- 
plug-lead capacitance and inductance, 
is not a simple circuit. There may be 
several oscillatory circuits set up, each 
with its own fundamental frequency. 
The lowest-frequency circuit will be that 
one utilizing the full-lead inductance and 
capacitance; peak currents here may go 
as high as 85 amperes.! A higher-fre- 
quency oscillatory circuit may be one 


formed by the spark plug itself, and peak 
currents here may run from 100 to 175. 


amperes.? Furthermore, there may be a 
local oscillatory circuit formed in the 
magneto and distributor housing, with 
peak currents here also running into high 
magnitudes. 

It must be appreciated that the shield- 
ing of circuits containing currents of such 


“high magnitudes is not an easy matter. 


The design of all mating parts must be 
such as to reduce the impedance to as 
low a value as possible; simple butt 
joints, pressure-held, are unsatisfactory, 
as they rarely permit continuous contact 
surface. In a conduit coupling joint, 
for example, it is not enough that con- 
tact be made at one or two points on 
the circumference of the fitting. There 


must be a number of contacts about the | 


circumference, so that the radio-fre- 


quency current may have a flow path at 


any point, and the current density about 
the joint is evenly distributed. 

Since the booster coil is connected di- 
rectly into the distributor, and is oper- 


-ated by the airplane’s electric system, 


it provides a simple method whereby 
the radio-frequency energy generated in 
the high-voltage system may be coupled 
into the aircraft wiring system. The 
ignition vibrator, on the other hand, con- 


nects to the low-voltage side. This is . 


also a coupling path to the aircraft wir- 
ing system, but is not so effective as the 
one through the booster coil. In either 
case it is wise to place a high-frequency 
filter in the positive feed to these de- 
vices. 

Up to now the magneto grounding leads 
have been treated as if they carried only 
the pulses which are characteristic of the 
low-voltage side of the ignition system. 
However, since these leads enter the mag- 
neto, it is inevitable that they should be 
affected to some extent by the radio- 
frequency fields set up by the secondary or 


high-voltage system. They do carry © 


small radio-frequency currents from this 
source, but generally the amplitude of 
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‘radio-frequency energy outsid 


_are low in value compared with 


_was the answer in all cases. 


are a modification of the aircr: 


these currents is small ar 
effective in causing 
pulses set up by ‘he action of the c 
The aircraft ignition system, ther 
may be divided into two parts as far a 
radio-influence generating ca e 
concerned. First, there is the 
age or primary side of the maj 
only coupling path for this 
through the magneto gr 
and the ignition vibrator. Sec 
is the high-voltage side or second 
which may radiate directly, or 
couple through the booster coil. Th 
coupling paths are the only ones by which 
the engine ignition system may transfer 


This last statement must be co 
carefully by those making r. 
investigations. If all these « 
paths are controlled, there is no chat 
of radio-noise troubles. Radio-noi 

vestigations invoiving the ignition sy: 
tem are simply problems of dete 

the coupling path and eliminatt 
The high-voltage system may th 
most difficult to control, as such high pe 
energies are involved, and the rei 
paths for the radio-frequency 
are often difficult to control. 1 
and distributor construction is su 
provide possible high resistances 

current return path, such as t 1 
surfaces between magneto and 
tor parts. However, the curre 


the spark-plug leads (except w: 
oscillatory circuits are formed) 
controlled much more easily. . 
most entirely a matter of good mag 
and distributor design. “sa 


OTHER RaDIO-NOISE SOURCES 


As previously noted, other radio- 
sources are very few in numb 
larly at very high frequency. V 
there are depend upon their ability 
produce a voltage surge with a s 
wave-front, so almost any. in 
device may be effective. Cases have 
encountered where small motors hay 
caused trouble, even though no com 
tator trouble “was evident. — 
motor was high speed, with c 1 
high-frequency commutator ripple, 
was mounted upon a plywood deck whet 
bonding, was difficult. Good bone 


Ignition systems for heaters ha { 
developed in the past few years 


ignition system.* That is, eith 
coil controlled by an interrupter 
from the d-c power system may 
conventional spark plug, or a transf 
operating off the 400-cycle 
operate the spark plug. In 
a great deal of interference ma 
The problems presented by this 
are identical to those presented by t 
engine ignition system, with the adde 
complication that the equipment is Ic 
> ; a 


ELECTRICAL EN 


ated within the fuselage. It is necessary 
) shield the secondary circuit very thor- 
ughly, whereas the primary circuit must 
e well filtered. 

As is well known, radio-influence 
ources are plentiful at medium frequency 
nd high frequency, and ate usually mo- 
ors of one sort or another; dynamotors 
re apt to be particularly troublesome. 
n any event, none of the devices will 
ause trouble if the coupling paths once 
re determined and eliminated. A small 
mount of induction coupling is evident 
rom some of these devices on occasion, 
articularly if they are unbonded. If 


he leadins are run clear of the motors 


o trouble will be experienced in any but 
he exceptional case. The main coupling 


his will be dealt with later. 
The aforementioned references to bond- 


onding connectors are to be used; it is 
nly necessary that the motor or dy- 
amotor case be well grounded through 
he usual bolts or clips. Where the part 
} mounted upon a wooden deck it is 
sual to provide good i ae to the 
earest structure. 


flethods of Radio-Noise 

Transmission 

The output of a radio-influence gen- 
rator is of no consequence if a coupling 
ath does fot exist between the genera- 
br and some impedance element in the 
eceiver input circuit. For some time 
was believed that either the antenna 
the antenna leadin was always the 
mpedance element affected and that 
adiation was the coupling path, but this 


Ps 


es, the antenna is almost never affected 
y radio-influence sources within the air- 
lane. The coupling path is almost in- 
iably the aircraft wiring system, either 
y coupling to the leadin or common im- 
edance coupling which will be discussed 
ter. 

At very high frequency the situation is 
pmewhat different; direct coupling may 


ie antenna will be the impedance ele- 
ent affected. There are, however, 
ther coupling paths at these frequencies, 
ad it is the purpose of this section tq dis- 
ass these paths. | . 
Before proceeding with the discussion 
must be pointed out that the conven- 
mal methods of measuring radio-in- 
Piss sources are in error, in that only 
1e voltage is measured. The voltage 
easured is a function of the internal 
apedance of the source, the. impedance 
the external circuit to which it is con- 
scted, and the open-circuit voltage of 
le source, and consequently will change 
ypidly with any change in the output- 
reuit impedance. Resonance effects 
so enter, as the aircraft wiring system 
5 @ 
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ath is through the aircraft wiring, and 


1g must not be construed to mean that. 


| been disproved largely at medium — 
nd high frequency. At these frequen- — 


cur to the engine ignition system, and 


must be considered as an impedance 
network. It is therefore possible to have 
high voltage and low current at the radio- 
influence source output, and low voltage 
and high current at some point in the 
network, and vice versa. In any event, 
since either electromagnetic, electrostatic, 


radiation, or any combination of these | 


couplings may occur, and both the cur- 
rent and the voltage at the impedance 
element through which coupling occurs 
must be taken into account, voltage 
measurements alone are insufficient. 


. THe AIRCRAFT WIRING SYSTEM— 


UNSHIELDED 


As might be expected, the aircraft 
witing system exhibits transmission-line 
characteristics. To determine the at- 
tenuation that might be encountered in 
a section of aircraft wiring, a series of 
tests was made on a typical aircraft open 
witing bundle consisting of 15 wires. 
The results of this test are shown in Fig- 


ure 2, where the attenuation of the air- © 


craft wiring is compared with the attenua- 
tion of conventional coaxial cables. For 
the aircraft wiring the measurements were 
made between one wire and structure 
ground. It will be noted that, while the 
attenuation of aircraft wiring is consid- 
erably higher than for a good twin-con- 
ductor coaxial cable, it was only slightly 
higher than for a rubber-insulated twisted 
pair. The curves shown would be entirely 
valid if aircraft wiring consisted of simple 
runs from one point to another, but it 
does not. The aircraft wiring bundle 
may contain a number of cables, ter- 
minating in lights, switches, or other de- 
vices, and an analysis of the aircraft 
witing system on the basis of a transmis- 
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Figure 1.. Aircraft ignition system 
Magnetorotor, distributor, and make-and- 


break gap. A\ll are engine-driven and set to 
produce spark at proper moment in engine 
cycle 
A. Voltage on magneto grounding wire, 
peak about 200 volts 
B. Voltage in secondary circuit, peak de- 


pending on pressure, gap spacing, and so 


forth—about 15,000 volts 
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“waves upon the line. 


sion line would not be very useful. It is 
preferable to consider it on the basis of 
an impedance network, as previously 
noted. On that basis the voltage and 
current relationships in any network ele- 
ment are a function of the impedance, 
the voltage and current, and the mutual 
inductance relationships of all the other 
elements, plus the generator voltage and 
internal impedance. Even an approxi- 


‘mate calculation of the relationships 


would be very complex, this consideration 
being presented simply to indicate the 
type of approach necessary. An ap- 
proach by means of voltage measure- 
ments alone is inherently faulty. 

It is evident that aircraft open wiring 
of itself cannot be depended upon for 
any large attenuation, except in rather 
long runs. It is also evident that air- 
craft open wiring will act precisely like 
any other transmission line used to 
couple a generator to a terminal imped- 
ance. If there is a mismatch, reflections 
will occur with the formation of standing 
Since one or more 
wires in a bundle may be carrying a wave 
from the same radio-influence source, but 
fed over a slightly different path, the 
standing waves on one wire will not agree 
in location with the standing waves on 
other wires. The result of this will be 
that any attempt to locate standing 
waves with a noisemeter will be quite 
confusing, especially at the higher fre- 


‘quencies. 


It is probable that this has contributed 
to the many attempts at source suppres- 
sion; the whole fuselage area seems full 
of ‘noise’ and source filtering does elimi- 
nate it. 
filtering impractical have been reviewed 
in other literature, however, and will 
not be taken up here.’ 


Tue AIRCRAFT WIRING SYSTEM— 
SHIELDED 


A discussion of the portion of the air- 


"craft wiring that is still shielded may | 


seem academic, as there is so little of it 
left. Nevertheless, the portions that re- 
main shielded are quite important and de- 
serve attention. In the main, these por- 
tions are the ignition system, particu- 
larly the magneto grounding leads. 

The shielded wiring also may be con- 
sidered as a transmission line. The at- 
tenuation here is somewhat greater than 
for open wiring, since a great portion of 
the area of the conduit is filled with a di- 
electric of relatively high loss at high fre-_ 
quencies. Current flows on the conduc- 
tors inside the conduit and upon the in- 
ner surface of the conduit exactly as in a 
coaxial cable, the resultant field being 
confined within the conduit for all prae- 
tical purposes. ' 

A conduit, either solid or flexible, may 
contain a joint at some place in the line, 
and such joints easily may be of rather 
high resistance, if the joint is not well . 
made. If this local area of high imped- 


TRANSACTIONS 951 


The factors which make source _ 


Me 


that the field within the conduit is the 


_and the engine. 


ance is located where the current density 


is high, the current will seek a better 


path, in many instances flowing entirely _ 


outside the conduit. This area of high 
current density outside the conduit will 
create a local field and may excite con- 
duit which is some appropriate multiple 
of one-quarter wave. If this field is set 
up in a section that is not well shielded 
or near one of the openings in the fuse- 
lage, radiation may take place outside the 
fuselage, and the antenna will be affected 
directly. 

It must be emphasized here that the 
field produced by current flow outside 
the conduit is not the same field that is 
found within the conduit and which is 


created by interaction between the cur- 
_ rent flowing on the conductors and on the 


inner surface of the conduit. That is, it 
must not be conceived that the field 


within the conduit penetrates through 


the conduit in some manner; nothing of 
the sort occurs. A better conception is 


power-transmission medium, and the cur- 
tents that flow are set up by the field and 
are a source of losses. When these cur- 
rents flow outside the conduit a local 
field is created there, incidentally intro- 
ducing another loss. 

Radiation is most likely to take place 


from the engine-section ignition system, 


which in most cases is enclosed in flexible 
conduit. The leads to the spark plugs 
are very high-frequency oscillatory cir- 


cuits, as previously noted, and the cur- 
- rent density at joints or glands may be 


extremely high. A poor joint in this area 


cannot be tolerated; the field set up 
about the joint is of such intensity that 


the engine cowling is insufficient to at- 
tenuate it, and direct coupling to the an- 
tenna results. 

Flexible conduit is often suspected of 


radiation, since it is almost invariably 


possible to detect a small field about it. 
This is the result of the in-and-out weave 
of the outer sheath, a small portion of the 
current flowing upon the inner surface 
of the conduit being conducted to the 
outside surface, setting up a small field 
there. The field noticed is the resultant 


of all the fields set up by the tiny currents. 


flowing outside the conduit. 
The field about flexible conduit is 


commonly known as a “‘leak,”’ the infer- 


ence being that radio, waves or even the 
field between the inner and outer con- 
ductors actually leaks out between the 
wires composing the weave. The term 
‘Jeak” is unfortunate, as it does not 
describe adequately what is taking 


place. The same term, also used incor- 


rectly, is applied to describe the fields 
set up by current flows at the mating 
surfaces between the magneto and the 
distributor, or between the magneto 
A slight consideration 
will show that the spaces where such 
‘Jeaks’’ are believed to take place are so 
much smaller than the length of the wave 


952 . TRANSACTIONS 


ATTENUATION —DECIBELS PER 20 FEET 


100 
FREQUENCY — MEGACYCLES 


Figure 2. Attenuation of various types of 
transmission lines 
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in question that actual leakage cannot 
take place. 
scribed to cure this “‘leak,”’ that of grind- 


‘ing the mating surfaces so that contact 
will be uniform, simply provides a low- 


impedance path for the current, so that 


‘it is not forced to seek a path which lies 


outside the magneto. 


Common Impedance Coupling 


Mention has been made previously as 
to the introduction of radio noise into a 
receiver by the formation of a radio-in- 


fluence voltage across the impedance be-. 


tween the receiver chassis and ground, 


the impedance being directly in the an- 


tenna circuit of the receiver. Such cases 
are more common than is realized, and are 
more responsible for radio noise than is 
ordinarily believed. - Inasmuch as any 
such voltage will of necessity be small, 


the only manner in which the radio re- 


ceiver can be affected is by the inclusion 
of one of these impedance elements in the 
antenna circuit, and no other circuit than 
the antenna need be considered. 


MEDIUM AND HIGH FREQUENCIES 


These frequencies will be discussed in 


some detail before proceeding to the very - 


high- -frequency case, as both have many 
points in common, and the very high- 
frequency case is more easily understood 
after reference has been made to the 
medium- and high-frequency cases. 

With reference to Figure 3, it will be 
noticed that radio-influence currents 


entering the receiver over any of the pos- ; 


sible paths (power wiring, control Wiring, 
and so forth) must flow to structure 
through the ground impedance, which is 


composed of the bonding connector, and 


any other impedance path present, all 
being in parallel. This impedance is of 
a very complex nature and may be either 
capacitative or inductive, depending 
upon the installation and the frequency, 


- This is because the impedance of a bond- 


ing connector goes up rapidly with fre- 
quency, while the reactance offered by 
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the capacitance between 1 


"any event, a complex voltage 


- the antenna mie” bist) see 
electromagnetic waves from the stati 


1000 


product of the radio-influence 


The remedy ordinarily pre- — 
addition of the signal and radio 


craft are effective in controlling 


ance coupling, except in an all-m 


_ fect of common ground- impedance ec 


tions at the receiver and the antenn ] 


‘tance of the antenna to the f 


structure decreases with 


across the impedance, and ar 
of the block diagram will show 
voltage is directly in series’ with t 
tenna circuit. For all intents a 
poses, then, there are two gen 


ance nd an sanguk ee & equa 
signal induced in the antenna b 


being received. Second, the equivale 
radio-influence source, which has : 
ternal impedance equal to the 
impedance and a voltage equal 


through it and the ground impe 
This is shown in Figure 3. The v 


currents times the impedance of 
circuit. Since iene! birica s ar 


aad pie die handidene i 
to provide a voltage at least eq 
signal voltage and probably muc 

It is apparent that the insta 


not because induced “‘noise’’ voltages 
balanced out, but because common i 
pedance coupling is eliminated. I 


test that will differentiate between 
ling to the leadin and common it 


plane where the Jeadin is adequ at 
shielded. 

Three conditions must be observed 
any separation test to determine the ef 


ling. These are: 


1. Exclude from the antenna circuit 
portion which is exposed to direct coup 
that is, the antenna itself. 


2. Retain within. the antenna cire t 
current-flow paths that are present in 
normal circuit; that is, the ground to) 


should remain intact. 


3. Replace the antenna with an eq 
impedance. At medium frequency ‘ 
high frequency this may consist of a « 
tor approximately equivalent to the « 


very high frequency the impedance s' 
approximate that of the antenna 
frequencies being considered. 


All conditions must be observed, 
else the separation test will be im 
The first condition is more or less 
vious, but not the second and_ th 
However, it must be remembered 
if the antenna- -circuit-impedance 
tions are changed, the various por 
of the test cannot be correlated, anc 
test results will be meaningless, 


Very HicH FREQUENCY AND Unrranten | 


_ FREQUENCY 


frequency receivers are invariably coupled 
to the antenna by some form of coaxial 
cable, with the outer sheath ordinarily 
of a flexible weave to facilitate installa- 
tion and maintenance. At the receiver 
and at the antenna this cable terminates 
‘in a special fitting, so that it may be dis- 
connected readily, again to facilitate in- 
stallation and maintenance. Each - of 
these breaks in the coaxial cable run in- 
troduces an additional impedance, how- 
ever slight. The greatest source of ex- 
traneous impedance elements are these 
fittings, especially where the antenna cir- 
cuits have not been designed with the 
elimination of radio noise in mind. A 
typical example, using a current very 
high-frequency transmitter—receiver, will 
be given. 

The coaxial fittitig is on top of the 
transmitter-receiver (an error to begin 
With, as any currents induced in the co- 
axial cable sheath have a relatively long 


all sorts of mischief along the way); the 
eenter conductor is brought down to the 
antenna switching relay, where, by 
means of long leaf-type spring contacts, 
connection is made either to the receiver 
or transmitter. 
receiver input coil is well routed, but the 
input coil is grounded directly to the 
chassis, forcing the antenna signal cur- 
rents to travel back to the coaxial fitting 
over the best path possible. The co- 
axial cable fitting is grounded to the 
chassis by means of the mounting bolts 
and a copper lead, but is held about an 
inch off the main chassis by the mounting 
bolts, so that the sheet-metal-case cover 


_ Several impedance elements are ap- 
parent here: the impedance of the fitting 
itself, the impedance between the fitting 
and the chassis, and the impedance be- 
tween the ground point of the coaxial 
fitting and the receiver input coil. Ob- 
viously, the total impedance between the 
end of the coaxial cable:and the ground 
point of the receiver input coil will raise 
the fitting above ground potential, as 
far as the receiver is concerned. It has 
been observed that, with the antenna 
terminal shielded, touching or even 
bringing the finger close to the coaxial 
fitting will bring the receiver up to full 
output level, if even a weak field is pres- 
ent. 
' On this same transmitter-receiver the 


introduces another long lead from the 
fitting to the ground stud on the mast. 


to the ground connection between this 
stud and structure, so this may also be of 
high impedance, particularly if ordinary 
‘bonding braid is used. The bonding con- 
nector here should be as short as possible 
and preferably of copper strap. 
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Very high-frequency and ultrahigh- 


path to travel to ground and can getinto | 


The connection to the 


is flush with the base of the coaxial fitting. 


coaxial cable fitting to the antenna mast — 


Ordinarily not too much attention is paid _ 


Ordinary flexible shielding, such as is 


used on shielded leads on interphone 


systems, has been shown to have an at- 
tenuation of 60 decibels, and it is very 
unlikely that fields are present inside the 
airplane fuselage of sufficient strength to 
induce voltages in the inner conductor of 
a coaxial cable. There are, however, 
fields due to standing waves present upon 
the aircraft wiring, and wherever wiring 
and coaxial cables run in parallel, it is a 
very simple matter to set up a current 
flowing along the outer surface of the 
sheath. , 

The interference that may result from 
current flow in ‘coaxial cable sheaths has 
been investigated thoroughly. Atestsetup 


of the receiver previously mentioned was 


made substantially as follows: all con- 
trol and power wiring to the receiver was 
isolated and shielded by copper sheeting, 
all joints being well soldered, and all pos- 
sible coupling to the receiver from this 
path eliminated. A coaxial cable with 
solid © dielectric insulation, standard 
sheath weave and vinyl covering was 
extended about 15 feet away, the free 
end_ suitably terminated in the charac- 
teristic impedance of the cable with’ the 
terminal impedance also shielded. A 
very high-frequency signal generator was 
set up with an insulated coupling lead 


two feet long taped to the coaxial cable. 


With a fixed output of the signal genera- 
tor the receiver output level was noted 
before and after the coaxial cable fitting 
was bonded to the chassis. 

The results of this test in terms of deci- 
bels rise above the background level (ref- 
erence level, one milliwatt in a 600-ohm 
line) were 24-decibel rise with the co- 
axial fitting unbonded; two-decibel rise 
when bonded. 

It thus was concluded that common 
impedance‘ coupling was responsible for 
the increases in output level. To test 
the accuracy of this conclusion, the an- 
tenna connector of the receiver was ter- 
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Figure 3. Common impedance coupling 
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A. Block diagram of typical radio-receiver 


installation at medium and high frequency 


B. Equivalent circuit diagram usable for any 
frequency range 
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minated at the coaxial fitting and shielded 
so that no coupling could occur; then the. 
sheath of the coaxial cable was attached 
to the fitting. Coupling to the coaxial 
cable was accomplished as before, and it — 
was found that, with approximately the 
same signal level from the signal genera- 
tor as before, the output level of the re- 
ceiver was 27 decibels above the back- 
ground level. The installation of a bond 


on the coaxial fitting caused a decrease in 


output level of 21 decibels. 

To summarize, it is evident that a re- 
ceiver, although fitted with a coaxial — 
cable, may be affected by currents in the | 
coaxial cable sheath. This is accom- 
plished by the currents flowing through 
a relatively high impedance common to 
the antenna circuit of the receiver. Such 
an impedance may be one formed at any 


continuity, or in any portion of the cir- 


a 


4 


portion of the antenna circuit by a dis- ee 


an 


cuit in which both the antenna current he 
and the radio-influence currents flow over _ 


the same path. 


Elimination of Very High-Frequency me: 
Radio Noise 


The proper starting point in the elimi- 
nation of radio noise at any frequency is 
in the design of the radio receiver. bbe 
fortunately, the designer usually is con- 
cerned mostly with circuit design, the an- 
tenna being only the means of introduc- ia 


ing a signal of certain characteristics, ‘80; Bi 
a 


that something else happens at the output 
end of the receiver. Bench testing is — 
done under conditions which do not ap- 
proximate those in service with the result 


that a receiver which performs perfectly — 


under test may be noisy when installed — 
in the airplane. Then in an effort to © 
eliminate the interference various meth- — 
ods of interference suppression are used, 


including filters upon all items of sus- a 
honda Nn 


: 


pected electric equipment, 
and shielding. 
Interference suppression by the meaae® : 


enumerated has become a sort of obses- 


aS asi 


o 


“7. 


b 


n) 


% 


4 
4 
a 
q 
ne 


‘ 


. > ‘ a4 
sion, so much so that suppression net , 


ods are applied by specification require- 
ments to all equipment, whether or not 
they produce radio noise. In view of the 
demonstrated fact that much of this in- 


® 


a 
a 


. 
f 
€ 


terference could be eliminated by proper _ 


design of the radio receiver, it is at once 


“ 


*, 


apparent that the suppression devices 
added are largely dead weight, decreasing _ 
the pay or bomb load, as the case may be. 


Lest the whole burden of the blame be 
shifted too quickly to the radio-equipment — 


designer, it should be said here that the 


blame rests equally upon him, the de- 
signer of the electrical equipment pro- 
ducing the interference, and the de- 
signer of the radio installation in the air- _ 
plane. A very great deal can be done by 
the: equipment designer, for, while we 
know of no way as yet to correlate the 
tadio-influence voltage of a device with — 


is 


the radio noise this device produces in — 
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: q y aN ; 
the receiver, we do know that a motor 


can be designed to create a minimum of 


radio-influence voltage. The electrical- 
equipment designer must have not only 
the performance of his design in mind; he 
must consider its effect upon other equip- 


‘ment, The extra weight in filters, and so 


forth, which is necessary to make one 
item of equipment comparable in all re- 


spects to another item is directly chatie. 


able to that item. 
The designer of a radio installation may 


destroy entirely the good work of the ° 


radio-equipment designer and the elec- 
trical-equipment designer. Long an- 
tenna leadins are sometimes unavoidable, 
but it is inexcusable to place wiring or 
rotating equipment in close proximity to 
that leadin without taking adequate pre- 
‘cautions so that there will be no inter- 
ference. But inasmuch as the radio- 


installation designer is confronted with 


made. 


the problem of making presently avail- 
able equipment function properly, it is 
necessary that this designer know the 
methods which are practical antl work- 
able for the reduction and elimination of 
radio noise. 
To this end, in the section to follow, the 
general outlines of a test program are 
given, specifically for very high-frequency 
radio-noise tests. Before any such test is 
made the test man must make himself 
thoroughly familiar with the airplane 
upon which he is working insofar as the 
electric and ignition system are concerned. 
All ignition-system wiring should be 
traced out, both on the wiring diagram 
and on the airplane itself. The installa- 
tion of the radio equipment should re- 
ceive the most careful consideration, the 
feed points of the power supply, the lo- 
cation of the control equipment and wir- 
ing to it, and the run of the coaxial cable 
from the antenna to the receiver; all 
should be well fixed in mind. After this, 

_ the test man should determine the points 
at which the separation tests are to be 

Finally, he should set down in a 
logical sequence the tests he intends to 
make, and this sequence should be fol- 
lowed at all costs during the tests. This 
latter is especially important, as it is very 
easy to allow oneself to be distracted dur- 
ing the tests. The result is that invari- 
ably the most important test is left out, 
and a guess will have to be made at the 
results that should be on.hand. 

' Test equipment need not be elaborate. 
There should be prepared beforehand a 
list of needed equipment, which of course 
will be dictated to some extent by the 


available equipment and the experience. 


-of the test man. A complete listing will 
not be given here, but three items must 
be considered: : 


1. Antenna termination. This should be a 
shielded box, containing an impedance ap- 


‘ 
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8. Duplicate receiver. 


proximately equal to that of the antenna it~ 
is toreplace with a fitting, so that the coaxial 
cable can be attached, and another fitting, 
so that the box may be attached to where 
the coaxial cable normally goes. This is 


' jmportant, as it preserves the continuity of 


the ground circuit of the coaxial cable 
sheath. j 


2. Shielded oscillator. This 
should be fitted so that it can be attached to 
the magneto pencils or one of the spark 
plugs. In this way, tests can be made upon 
the effect of the magneto grounding wires, 
or loose coupling and gland nuts may 
be found while the engine is not running. 


The radio receiver 
as mounted in the airplane may be sur- 
rounded by intense fields created by wiring 
carrying-radio-influence currents, and probe" 
tests made with this receiver may be mis- 
leading. It is desirable to have a duplicate 
receiver for such tests, complete with power 
supply. If the receiver and power supply 
are mounted on a metal panel and placed on 
a dolly, they may be moved as convenience 
dictates and will prove very useful. - ? 


No attempts should be made to inter- | 
pret the results of the probe test in terms 
of absolute field strength; this is virtually 
impossible. Any comparisons made 
should be on the basis of a qualitative 
analysis only, Field-strength measure- 
ment at any frequency is a laboratory 
test; this is especially true at very nie 
frequency. 


-VERY- ict presence RapDI0-NOIsE 


Test ANALYSIS 


Inasmuch as the main radio-influence 
source at very high frequency is the en- 
gine ignition system, this source alone 
will be considered here. As the preceding 
text has indicated, the ignition system 
may be broken down conveniently into 
two parts: - the high-voltage and low- 
voltage sides. These will be taken up 
separately, and the various coupling 
paths will be considered. ; 


Coupling Paths from the Aircraft- 
Engine Ignition System 
Low-Vo.tace SysTEM 


(a). Radiation Coupling to the Antenna. 


‘This may occur only where the low-voltage 


system impulse excites an impedance ele- 


‘ment which may couple directly to the an- 


tenna. This can be done by: © 


1. Magneto grounding leads. If there is a poor 
joint at any place along the conduit carrying these 
leads, or any coupling between these leads and the 
aircraft wiring at the grounding switch, an im- 
pedance element may be impulse-excited. If there 
is a coupling path between this impedance element 
and the antenna, interference will result. 


2. Ignition vibrator. Since this is fed from the 
aircraft d-c power system, the aircraft wiring may be 


impulse-excited. This will result in interference if - 


a coupling path is present between any impedance 
element of the wiring and the antenna, 


(b). Conduction Coupling. "This occurs 
where currents are induced by any means 
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wiring ae 1 
. Hicw-Vouracr SYSTEM; 


oscillator - 


_ grounding leads or the booster coil, inducing 
~a current into some impedance element me 


, the coupling paths; 


whatsoever in any portion of the a unites 
aby as other than ape bit itself. ar 


t 


(a). Radiation Coupling to the Antenna. 


ie Direct coupling. This may occur witere! any ¥ 
portion of the high-voltage ignition system is in ‘S 
such condition as to set up a local field which ; 
couples directly to the antenna. 


2. Coupling through some other impedance ele- 
ment. Radio-frequency currents fed through any 
path, either the magneto grounding leads or the 
booster coil leads, may excite some impedance ele- 
ment from which there is a coupling a toy oe i 
antenna. 


(0). Conduction Coupling. - This is ‘seatome , 
gous to conduction coupling in the low- 
voltage system and occurs where radio- 
frequency energy is coupled into the air- 
craft wiring system from the magneto 


the antenna circuit. swage 
The breakdown given may seem over- ‘ 
simplified, but it is all there. It is im- — 
portant to realize that there are only a 
few coupling paths from the aircraft-— 
engine ignition system, and then plan — 
the test. procedure to isolate them one 
ata time. — 4 
As a basic test procedure, the follow- — 
ing is suggested: Pull the magneto 
grounding pencils and then disconnect — 
the leads to the booster or ignition vi- 
brator. If radio noise still persists, stop 
the engines and feed a signal from the 
oscillator into one of the spark-plug leads. — 
A probe test will show which coupling is 
loose; often it is necessary only to short- 
circuit across the suspected connections — 
with a screw driver to check the effective- t 
ness of the electrical path through them. 
Next, with the ignition harness cleaned 
up, run the engines with the booster. or 
ignition coil connected and the magneto 
grounding pencils disconnected, os 
vice versa. M 
This procedure definitely will iridicate 
it then will devolve 
upon the test man to determine the cir- 
cuit elements Hous which coupling i is 


a 


q 


occurring. 


fu. 
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Altitude Rating of Electric Apparatus 


PAUL LEBENBAUM, JR. 


ASSOCIATE AIEE 


HE proper functioning of electric 

equipment is of prime importance in 
the operation of the military and naval 
airplane of today. The wide use of “such 
equipment and the continual increase in 
the operating altitude of aircraft make it 
essential that the factors affecting the 
operation of electric apparatus at high 
altitudes be investigated if the apparatus 
is to be designed properly for this new 
and expanding application. 

This paper studies the effect of altitude 
on the ratings of rotating electric machines 
and, after determining the fundamen- 
tal principles involved, discusses these in 
relation to the application of such ma- 
chines in modern aircraft. It is shown 
that the rating of a self-ventilated direct 
engine-driven aircraft generator decreases 
tapidly with altitude and, at some alti- 
tude within the operating range of the 
airplane, the generator may be able to 
dissipate only its no-load losses. It is 
shown also that an air-scoop-ventilated 


direct engine-driven aircraft generator 


maintains its rating over most of the 
operating range of present-day aircraft. 
Finally, certain sea-level tests are pro- 
posed from which calculations of rating 
under altitude conditions can be made. 
The theory and tests presented in this 
paper have been checked by altitude- 


_ chamber studies on an aircraft-type d-c 
_. generator. 


Fundamental Analysis 


HEAT TRANSFER IN ELEcTRIC MACHINES 


One of the principal factors determin- 
ing the rating of electric apparatus is the 
maximum temperature to which its in- 
sulation can be subjected without failure 


_ during the required life of the machine. 
_ This operating temperature is a function 


of the losses of the machine and its ability 
to dissipate the resultant heat. 

An electric machine may dissipate its 
losses by four means: ~- 


1. Forced convection between winding: and 
core surfaces and cooling air. : 


2. Free convection between. frame and 


ambient air. 
3. Radiation between frame and surround- 


ing objects. 


4. Conduction between frame and mount- 


Bing. 
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AIR TEMPERATURE — DEG C 
AIR PRESSURE —INCHES OF MERCURY 


The watts loss which may be dissi- 


_ pated by these processes is a function of 


the temperature difference between the 


machine surfaces and the ambient tem- 


peratures. The machine temperature 
rises until the total watts loss dissipated 
just equals the input losses; that is, until 
equilibrium is reached.. Thus, any in- 
crease in load (and hence, loss) will in- 
crease the machine temperature unless 
the additional heat can be removed from 
the machine by an increased heat trans- 
fer. Conversely, any reduction in heat 


AIR DENSITY— POUNDS PER CUBIC FOOT 


fo) 105s eco 30 40 50 
ALTITUDE — THOUSANDS OF FEET 


Figure 1. Properties of atmospheric air — 


transfer will increase the machine tem- 


' perature unless the loss is reduced. 


The heat transfer between the machine 
and the ambient air also is affected by the 
air density. Thus, at the reduced densi- 
ties and temperatures encountered at 
altitude (Figure 1), the watts loss which 
can be dissipated by an electric machine 
may change, and its rating at altitudes 
may be different from that at sea level. 


Each of the heat-transfer processes is © 


now considered individually, and its 
variation with density and temperature 
determined. 

Forced Convection. The transfer of 
heat by the forced circulation of a gas or 
liquid is referred to as heat transmission 
by forced convection. In an electric ma- 
chine the cooling air enters the machine 
at an ambient temperature ©,;, and in 


wiping the windings and core removes . 
The resultant - 


heat from these parts. 
increase in air temperature (‘‘air rise”’ 
is denoted by @g;._ This process is shown 
graphically in Figure 2, where 9. is the 
surface temperature of the windings or 
core of the machine and ©, is the tem- 
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taken away by this air. 


perature drop between the hot surface and 
the cooling medium (“surface drop’’). 

' The maximum allowable winding sur- 
face temperature is determined by the 
insulation used in the machine. Thus, if 
Os:', Oa’, and @,,’ denote values of surface 
temperature, surface drop, and air rise, 
respectively, at the point at which the 
ventilating air leaves the machine,’ 


O51’ =Oa1'+9ar'+Oq’ degrees centigrade (1) 


@,,’ is a function of the weight flow of air 
through the machine and the watts loss 
Thus, 


~ 0.138 gor 


Oar i = W- (2) 


where ; 
Gtor = watts loss dissipated by forced convec- 
tion 
W =weight flow of cooling air through ma- 
chine, pounds per minute 
= pQ ; , 
p=density of cooling air at entrance to 
machine, pounds per cubic foot 
Q=volume flow of cooling air at entrance 
to machine, cubic feet per minute 


The surface drop at the exit of the 
machine is: 


Qa’ =o degrees centigrade _ (3) 


where 


C=over-all thermal conductance between 
machine surface and cooling air, watts 
per degree centigrade 


The thermal conductance C is a func- — 
tion of the density of the cooling air p, its 
velocity v past the surface being cooled, — 
and the area of that surface A;. It has 


been shown (reference 1) that for the 


turbulent flow of air in ducts 


C « A,(pv)* (4) 

Th an electric machine the velocity v 
is composed of two components: the 
axial velocity. of the cooling air through 
the ducts of the machine vg, and the pe- 
ripheral velocity of the rotorv,. Tests on 
d-c aircraft-type generators indicate that 
for ratios of axial to peripheral velocity 
approximately less than 2, the axial ve- 
locity can be neglected; whereas, for 
ratios greater than 2, the peripheral ve- 
locity can be neglected. In the practical 
case of self-ventilated and separately ven- 
tilated aircraft generators, the former 
type usually has a ratio of axial to peri- 
pheral velocity well below 2, and the 
latter type has a ratio well above 2. 
Hence, the transition range need not be 
studied closely in the present investi- 
gation. 

The axial velocity v is: 


440 


d 


(5) 


%= feet per minute 
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7 


_ where 


pending on the degree of roughness. 


| A,q=total area of ducts through which the 


cooling air flows, square: inches 
Thus, from equations 4 and 5 and 
the afore-mentioned assumptions, 


a! 
Crert © Ardp%p* = zh p* (6) 
1 
1440 Ee a re 
al 7 a dees ike 
(7) 


where k, and are constants for any 
given machine operating at constant 
speed, and Csex and Csep are the over-all 
thermal conductances fot self-ventilated 


rie «A (, 


FACE | 4228-2 
I inG SUR of 
Baye WINDER ATURE + 8si 
lance TEMPERATE ee 
i | Od 
e @g =SURFACE DROP | 
- RE : 
g ; eas 
& $4 
oa | Yar 
Fi =f 
- e | 
ENTRANCE TEMPERATURE IT 


EX 
TO MACHINE | FROM MACHINE 


AIR FLOW —> 
Figure 2. Temperature—air-flow diagram of a 


single-end axially ventilated electric machine 


and separately ventilated machines, re- 


_ spectively. 


In smooth ducts, a=0.8; in rough 
ducts, a may vary from 0.5 to 1.0, de- 
On 
one aircraft-type d-c generator the use 
of an exponent of 0.5 checked test data. 


Substitution of equations 23,0; and 


7 into equation 1 gives: 


Self-ventilated: 


Os'— Oa 
> me aa tt: 8 
Bae 0.183 | lel 8) 
VO Merced 


Separately ventilated: 


 Gtree = 1.83 X10~ 4A op™® 


O51 = Oa 
0.133 133 Ra 
Ww we 


tor = watts nO) 


Hence, if On’, Qq1, Pp, and W are known 


at a given altitude, the watts loss which 


can be removed by forced convection at 
that altitude can be found if ky, ke, and a 
are known. These constants can be de- 
termined from sea-level tests on the 
machine. 

Free Convection. The transfer of 
heat by the natural circulation of a gas, 
caused by a nonuniform temperature 
(and hence density) variation within the 
gas, is referred to as heat transmission 
by free convection. 

The heat transferred evan a horizontal 
cylinder in air is 


e Oq2)°/4 
Cn = a a watts 


(10) 
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where 


® 
Qfree = watts loss by free convection 
A,=area of surface subject to free convec- 
tion, square inches 
p=atmospheric pressure, iene of mer- 
cury 
Os. =convecting surface temperature, de- 
grees centigrade 
@,2=ambient air temperature for free con- 
vection, degrees centigrade : 
4 
16 ios feet 
Ly+Ly 
L;,=horizontal length of cylinder, feet 
L,=vertical height of cylinder, feet 


The watts dissipated by free convec- 
tion at any altitude therefore can be cal- 
culated from equation 10, since all factors 


are known. The surface temperature can > 


be determined from sea-level tests. 


_ Tests taken under actual altitude condi- 


tions have indicated that the frame 
temperature remains essentially con- 
stant at various altitudes for the same 
maximum internal surface temperature, 
unless there are large changes in the heat 
dissipated from the frame of the machine. 

It should be noted that the watts dis- 
sipated by free convection vary as the 
0.5 power of the atmospheric pressure. 

Radiation. 
of heat transmission by which heat en- 
ergy is transferred from one body to an- 
other through a transparent medium with 
no change in the temperature of the me- 
dium. When the area of the radiating 
body is small compared with that of its 
surroundings, the watts aeerrcs by 
radiation are: 


Os3 \4 (Gas mal 
=0.00375€A —{| — 
aoe ‘ [(22) (as) [watts 
ou 


*(11) 


where 


' drp=watts dissipated by radiation 
€=emissivity of the surface of the radiat- 


ing body (0.9 fora body covered with a 
nonmetallic paint) 


. A3;=area of radiating surface, square inches 
0;,=radiating surface temperature, degrees © 


centigrade absolute 
Qqg;=ambient air temperature or tempera- 
ture of surrounding bodies (if close 


enough) for radiation, degrees centi- . 


grade absolute 


The preceding equation shows that 
the watts dissipated by radiation are in- 
dependent of air density or pressure and, 
hence, of altitude for constant 0,, and 
®g;. The same statements concerning 
these temperatures apply to this case 
as to the case of free convection. 

Conduction. . The heat transferred 
between two bodies by the conduction 
process is directly proportional to the 
conductivity of the transmitting medium, 
its area, and the temperature difference 
between the two bodies, and inversely 


proportional to the length of path. In — 


an electric machine heat is conducted 
through its mounting, the direction of 
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Radiation is the method — 


heat transfer is difficult to c lc 1 
the length of path and the ten 
difference are not accurately | 


of nage aa vivian remé 
stant. Measurements of these te 
tures must be made to determine 


2 9° 
Ww 8 


PER UNIT WATTS LOSS DISSIPATED BY FORCED CONVECTION 
° 
my 


Ry __“AIR TEMPERATURE RISE 
‘ ‘MACHINE TEMPERATURE RI 


ALTITUDE— THOUSANDS OF FEET 


Figure 3. Effect of altitude on the watts 
dissipated by forced convection from a se } 
ventilated direct engine-driven aircraft | 

_ erator a5) 


Constant maximum generator-winding surfar 
_ temperature—140 degrees centigrade 
Constant engine-accessory-compartment tem it 

perature—38 degrees centigrade © 


rection of heat flow, and the ae Hen fc) 

tained used to temper the oe i 
total heat transferred by the other eel 
processes. If heat is removed from the: 
machine it can be neglected and used ; 
Ray factor;” if itisadded, an oe: 


Qtot = Gfor + Giree a8 R ware 
Self-ventilated : 


. 


Oar" a Oq1 ; ” 
0.138 4h watts 
a 


Separately ventilated: 


for = 


atone 00 =8a 
0.133 ky watts 


Ww We ‘ ? " ) "> ry 
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.) 


the type of ventilation employed. 


= a5 / 


Yfree = =1. 83 X 107 ‘A aps - Li” watts 
| (10) 
O35, \* /@,. \4 
=0.00375€A cURL ES fase EN 
‘3 (as) ta | watt 
(11) 


Air FLow In ELEcrric MACHINES 


All the terms in the heat-transfer equa- 
tions have been discussed, except the 
weight flow of the air used to cool the 
machine W. This quantity varies with 
altitude in a manner which depends on 
In 
the case of aircraft equipment, two types 


of machine are used: the enclosed self- 


ventilated maclfine, where the cooling air 


is circulated by a fan integral with the - 


machine; and the enclosed separately 


ventilated machine, where the cooling 


air is picked up by an air scoop on the 
airplane and forced through the machine 
by the ramming pressure obtained from 
the airplane’s motion. Single-end axially 
ventilated machines are discussed here, 


as this is the type in most common use 


on the equipment aoe in this 


paper. 
When the friction pressure drop of the 


air in flowing through the passages of a 


machine is neglected (a good assumption 


for small machines), the equation govern- 


ing the air flow through a machine is: 


‘icles +Bn te a 


ae of water* (13) 


. otic 


a 
Sen = Page ents =loss in pressure at con- 
: tractions, expansions, 
' bends, and so forth, of 
the air-flow path, meas- 
ured in velocity heads. 
‘of air 
Since 
. Sale: _ 1440 EO. 
“™m> nmr * (A, ee , 
Be" 0% Oy fs Bn 
EL == eee rl 14 
¥ 58LAm at, at it ) 
where 
=areas at changes in path sec- 


= ae 


Hf =pressure head available for forcing cool- 


ing air through machine, measured at 


entrance to machine, inches of water 


tion, squareinches — 


The bracketed expression is a constant 


for any machine and may be called an 


density warrants its use. 
‘culations an average air density may be used rather . 


“air resistance,’’ R. Hence, 


58H cubic feet per minute 
pR 


(15) 


*This equation assumes that the air density is con- 
stant throughout the machine. Because of the air 
temperature rise this is not strictly true. However, 
the simplicity obtained by assuming a constant 
For more accurate cal- 


than the value at the machine entrance. 
l ; 
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The weight flow pe cooling air, there- 


fore, is: 


=pQ 


58H p ; 
hae pounds per minute 


This equation defines the weight of 
cooling air flowing through the machine 
for a given pressure head H. This pres- 
sure head will vary with altitude, depend- 
ing on whether the machine-is self-ven- — 
tilated or separately ventilated by the 
methods discussed previously. 


The pressure head developed by a fan 
revolving at constant speed varies di-. 
rectly with the air density. Therefore, in 
a self-ventilated machine the weight flow 
of air is directly proportional to the air 
density (equation 16). 


lites (16) 


iv 


CONVECTION 


PER UNIT WATTS LOSS DISSIPATED BY FORCED 


AIR TEMPERATURE RISE . 
MACHINE TEMPERATURE RISE 


10 20 40 


-30 50 
5 ALTITUDE — THOUSANDS OF FEET 


Figure 4. Effect of altitude on the watts loss 

dissipated by forced convection from a 

separately ventilated direct engine-driven air- 
craft generator 


Constant maximum generator-winding surface 
temperature—140 degrees centigrade 
Constant ramming-head cooling-air pressure 

Cooling-air properties taken from Figure 1 


tional to the square root of the air den- 
sity and therefore decreases with altitude, 
but not so rapidly as in the self-venti- 
lated machine, where the decrease was 
directly proportional to the air density. 


- Application of Fundamental Analysis 


to the Determination of the 
Altitude Ratings of Rotating 
Electric Machines in Aircraft 
k ‘ é 

The fundamental equations for heat 
transfer in rotating machines will be used 
now to determine the rating of electric 
machines under varying altitude condi- 
tions. The specific cases of self-venti- 
lated and separately ventilated direct 
engine-driven d-c generators will be 
chosen for this discussion, each generator 
being considered separately. These gen- 
erators are overhung from the back end — 


* ofthe aircraft engine. The self-ventilated 


generator secures its cooling air from the 
space back of the engine, known as the 
engine-accessory compartment; and the 
separately ventilated machine secures its 
cooling air from the atmosphere external 
to the airplane. 

The general approach to the problem 
of altitude ratings is: 


as 


1. The determination of the ambient-tem- — 
perature and air-flow conditions io% each 
type of generator. 


2. The calculation of the total watts loss — 
which can be removed by the heat-transfer — 
processes already discussed (heat transfer 
by conduction will be neglected) at the alti-' 
tude at which the rating is desired. ; | 


3. The determination of the current, and | 
hence the rating of the machine, correspond- _ 
ing to the total watts loss found in step 2 — 
from a curve of watts loss of the machine as 
a function of its line current. 


ENCLOSED SELF-VENTILATED GENERATOR 


Ambient Temperatures. | Theambient © 
temperature of the cooling air @,, of a 
self-ventilated generator is that of the 
engine-accessory compartment. Tests 


have shown that this temperature is in-_ 


For a separately ventilated machine 
employing an air scoop, the head H will 
depend on the airplane’s speed—altitude 
characteristics. For a constant angle of 
attack the lift’on an airplane wing is 
proportional to pV*, where p is the air 
density, and V is the velocity of the air- 
plane relative to the air. Since a certain 
minimum lift is necessary to support the 
airplane, the minimum pV? must remain 
constant, regardless of altitude. How- 
ever, the pressure head in inches of water 
developed in the air scoop is directly pro- 
portional to pV? (neglecting losses); 
hence the minimum air-scoop pressure 


‘head is independent of altitude for a 


separately ventilated generator. From 
equation 16 it can be seen that the mini- 
mum weight flow of air is thus propor- 
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dependent of altitude. Present informa-- 
tion indicates that a minimum compart- 
ment temperature of 38 degrees centi- 
grade and a maximum of 65 degrees cen- 
tigrade may be expected. This ambient 
temperature is also the temperature to be © 
used in calculating the heat transfer by — 
free convection, 94. ; 

The generator frame will radiate to or 
acquire heat from surrounding objects, 
depending on the relative temperature — 
of the bodiesinvolved. This transfer will 
remain substantially independent of al- 
titude. 

Air Flow. Previous equations have 
shown that the weight flow of air W 
through a self-ventilated generator is 
directly proportional to the air density 
and therefore decreases with altitude. 

An inspection of equations 8, 10, and 
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rot 


11 now shows that the watts loss which 
may be dissipated by a self-ventilated 
generator, for a constant maximum-allow- 
able surface temperature, decreases with 
increase in altitude. All quantities in 
these equations are constant except the 
air flow W, the air pressure p, and the air 
density.p, all of which decrease with alti- 
tude. The reduction in rating depends 
on the relative proportions of @for, Yiree, 
and gp acting to cool the generator. 
‘Table I shows the per cent watts loss dis- 


‘ 


‘are less than the no-load losses, the ma- 


chine cannot even maintain its voltage at 
no load. Figure 3 shows that the self- 
ventilated generator thus has a “ceiling” 
of operation at which point. the machine 
can dissipate its no-load losses only and 
can carry no load current without ex- 
ceeding its maximum allowable tempera- 
ture. Since the no-load losses of a light- 
weight high-output generator may be 
one quarter to one third of its total losses 
when carrying rated current, this ceiling 


Table | 


Comparison of the Watts Loss Dissipated From Self-Ventilated Direct Engine-Driven Aircraft 
Generators Employing Different Proportions of Heat-Transfer Processes in Their Cooling 


* 


Per Cent of Total Watts 
Dissipated at Sea Level* 


Per Cent of Sea-Level Watts 7 
Dissipated at 36,000 Feet* 


By Forced : a? By Forced 
- . Convection _ By Free By Convection By Free By : 
7+ = 0.67, 2=0.5 ' Convection Radiation 7 =0.67, «=0.5 Convection Radiation Total 


* Maximum generator-winding surface (140 degrees centigrade), generator-frame surface, surrounding 
object, and engine-accessory-compartment (38 degrees centigrade) temperatures are constant for all com- 


' parisons. 


sipated by each of the three heat-transfer 
processes at an altitude of 36,000 feet as 
compared with the dissipation at sea 
level (taken as 100 per cent). For ex- 
ample, if the generator could dissipate 
_all of its loss by radiation alone, its rat- 
ing would be independent of altitude, 
since gp is independent of air density and 
pressure. In any actual application all 
processes will enter, but the watts dis- 


sipated by forced convection will be at. 


least 80 per cent of the total for the light- 
weight high-output generators now used 


in the modern airplane and therefore will 


be the limiting feature. 

Figure 3 shows the reduction in the 
watts loss that may be dissipated by 
forced convection in a self-ventilated 
generator, as a function of altitude, for 
constant maximum surface temperature 
and constant generator speed. Curves 
are plotted for various values of a in 
equation 8, and for various ratios of air 
tise to machine temperature rise at sea 
' Jevel y. In self-ventilated machines this 
latter ratio is usually greater than 0.5. 

After the total watts loss which can be 
dissipated by the three processes of heat 
transfer at a given altitude has been cal- 
culated, the new current rating of the 
generator at that altitude is found from 
the curve giving the generator line cur- 
rent as a function'of its watts loss. This 
cutve is approximated by a constant, 
representing the no-load losses of the 
machine plus a term which is a function 
of the square of the line. current. 

If the watts which can be dissipated 
at the operating altitude of the airplane 


- 958 TRANSACTIONS 


\ 


may occur within the operating limit of 


the airplane. At 35,000 feet, for example, | 


the self-ventilated generator can dissipate 
only 25 to 35 per cent of the losses it can 
at sea level. 


ENCLOSED SEPARATELY VENTILATED 
GENERATOR ; : 


Ambient Temperatures. The am- 
bient temperature of the cooling air Og 
of a separately ventilated generator is 
that of the air outside of the airplane 
(neglecting a small temperature rise of 
the air at the entrance to the air scoop 


due to its compression). The Air Corps- 


standard atmospheric air temperature 


decreases with altitude at a rate of —2 — 


degrees centigrade for every 1,000-foot 
increase in altitude (Figure 1). The 
ambient temperatures for free convection 
and radiation remain the same as for the 
self-ventilated generator. A aes 

Air Flow. The minimum ramming- 
head cooling-air pressure available at the 
air scoop of*an airplane is independent of 
altitude. From equation 16, therefore, 
the minimum weight flow of air in a sepa- 
rately ventilated generator is propor- 
tional to the square root of the air den- 
sity. 

Equations 10 and 11 show that the 
samme watts loss is dissipated by free 
convection and radiation in the case of 
the separately ventilated generator as 
for the self-ventilated machine. 

Figure 4 shows the variation in the 
watts loss that may be dissipated by 
a separately ventilated generator for 
constant ramming-head cooling-air pres- 
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“sure, constant maximum 


’ ing air from an air scoop on the 
maintains and may even increase 


within the operating range, of pre 


PER UNIT WATTS DISSIPATED BY FREE CONVECTION. AND RADIATION 


Constant generator frame 


offsets the decrease in weight flo 


L 


perature, and constant f 
Curves are plotted for various values 
a in equation 9 and for variou: ratios 
air rise to machine temperature rise 
sea level.y. ts ee 

After determining the total watt: 
which can be dissipated by the three 
esses:of heat transfer, the altitude rati 
of the generator can be found from 
curve of watts loss as a function f 
current, as was done for the self-ver 
tilated generator. hh 

From Figure 4 and 


tilated generator, which obtains 


level rating at practically all al 


q 
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0 10 20 30 “40 #50) 


‘ a Seer -Vo)s 
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Figure 5. Effect of altitude on the watts loss 
dissipated by free convection and radiatio 
from self- and separately ventilated dire: 

_engine-driven aircraft generators 
surf 
cessory compartment, and surr 

temperatures 


rately ventilated generator, the redis , 
tion in cooling-air ambient temperat 


cooling air. Also, due to the constancy) 
of the ramming-head cooling-air pr 
sure of the separately ventilated gener: 
tor, the weight flow of cooling air 
creases only with the square root of 
air density. In the self-ventilated 


_ its sea-level value 


with the air density. 


Conclusions 


A. Figure 3 shows that the rating of an 


enclosed self-ventilated direct engine-driven 
d-c aircraft generator decreases rapidly with 
altitude, and may have a “‘ceiling” within 
the altitude range of the airplane on which 
it is mounted. This ceiling is the point at 
which the generator will just dissipate its 
no-load losses without overheating. 


B. Figure 4 shows that the rating of an 
enclosed separately ventilated direct engine- 
driven d-c aircraft generator, obtaining its 
cooling air from an air scoop mounted on the 
airplane, remains essentially independent of 
altitude—the rating increasing slightly over 
up to 20,000 feet and then 
decreasing again. 


C. Sea-level tests can be taken, by means of 
which the rating of a given generator at a 
given altitude can be determined if ambient 
conditions at that altitude are known (see 
appendixes). 


D. Theanalysis presented in this paper can 
be used to determine the air-flow require- 
ments necessary to obtain a given rating 
from a given generator at any desired alti- 


tude (see appendixes). A 


E. The results of this analysis can be ap- 
plied to the determination of the altitude 
heating and rating of types of electric ap- 


erator the weiglit flow decreases directly — 


paratus other than aircraft generators, if the . 


assumptions made here are critically re- 
viewed and adapted to meet the new condi- 
tions. ’ 


F, While the effect of brush and commuta- 
tor heating on limiting the altitude rating of 
a generator has not been discussed, this 
‘problem can be analyzed using the formulas 


applying to a self-ventilated machine, since 


_ 


whether the machine is self- or separately 
ventilated the peripheral velocity of the 
commutator is large compared with the 
axial velocity of the cooling air (see Forced 
Convection under Fundamental Analysis). 


G. This paper presents some of the funda- 


mentals of the problem of altitude rating of . 


electric machines and has proposed tests 
for its determination. It is hoped. that 
future test data, obtained both in altitude 
chambers and under actual operating condi- 
tions, will be correlated and used to modify 


_ and expand the analysis where necessary. 


Appendix A. Sea-Level Tests 


and Altitude Performance Calcula- 
‘tions for Generators Designed 


assumption that the point at which the’ 


’ 


, 


~ for Aircraft Applications 


The tests proposed here are based on the 


maximum-allowable surface temperature 
@n’ is measured at sea level remains the 
hottest point in the machine as the load on 


‘the machine is varied. Tests on aircraft- 


type generators have indicated that this 
assumption is correct. In the proposed 
tests the generator mounting should be in- 
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sulated thermally from the test stand on 
which it is mounted, in order to eliminate 
the effects of conduction. It is also assumed 
that the outer surface of the generator re- 
mains essentially at constant temperature 
for a constant maximum internal surface 
temperature. This assumption has been 
checked by altitude-chamber tests. 


A. Preliminary Tests 


These preliminary sea-level tests deter- 
mine the weight flow of cooling air forced 
through the generator for various ramming- 
head pressures at the entrance to the genera- 
tor cooling system, the watts loss of the ma- 
chine for various line currents, and the value 
of the exponent a in equations 8 and 9. 


1. Measure the volume flow of air through the gen- 
erator for various inlet ramming-head air pressures. 
Set up the generator as a separately ventilated ma- 
chine and operate at minimum rated speed; Vary 
the volume flow from a value at which the ratio of 
the axial velocity of the cooling air to the peripheral 
velocity of the rotor is approximately 2, to a value 
at which this ratio is approximately 4. 


2. Plot a curve of weight flow of air as a function 
of the ramming-head pressure of cooling air from 
the results obtained in section A-1. 


3. Calculate or determine from dynamometer tests 
the watts loss of the generator as a function of its 
line current with the generator operating at its 
minimum rated speed and rated maximum-allowable 
surface temperature. Plot a curye of total watts 
loss as a function of line current. 


4. Take a series of heat runs on the generator at 
minimum rated speed at various inlet ramming- 
head air pressures, covering the range of pressures 
used in section A-2. At each pressure vary the 


generator load current until the temperature of the 


hottest surface in the machine is equal to the maxi- 
mum-allowable surface temperature. Keep the 


. generator ambient temperature Og2at the same value 


as is expected during actual operation. 


5. Calculate the watts dissipated by free convec- 
tion and radiation in each of the runs of section A-4 
from equations 10 and 11. Subtract these values 
from the total watts dissipated in each of the runs, 
and plot a curve of watts dissipated by forced con- 
vection as a function of inlet ramming-head air pres- 


‘sure. 


6. Rewrite equation 9 as: 


log ke+(1—a) log W 
[2 aN 8a1) 
et log ee 
t for 


—0.183 


Plot W asa function of 
, — 
| Mee Gat) _o 133 | 


Qfor 

on log-log paper for various values of inlet ramming- 
head air pressure. Select a value of this pressure 
and find gor from the curve of section A-5 and W 
from the curve of section A-2 for this pressure. 
Using these values of W and gor, plot one point of 
the aforementioned curve. 
ent pressure. 


7. Obtain the slope of the curve of section A-6 and 
calculate a, knowing that this slope is equal to 
(=a). 


B. Self-Ventilated Generator 


To find the altitude rating of a self-venti- 
lated aircraft generator, proceed as follows: 


1. Take a heat run at minimum rated speed at 
such a line current that the temperature of the hot- 
test surface in the machine is equal to the maximum- 
allowable surface temperature for the generator in- 
sulation. Take this heat run in an ambient tem- 
perature equal to the expected engine-accessory- 
compartment temperature at the altitude at which 
the generator is to be rated. 


2. Measure the volume flow of air Q through the 
machine under the ambient conditions of section 
B-1, and calculate the weight flow of cooling air 
through the machine. 
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Repeat, using a differ- — 


3. From the watts loss-current curve of section 
A-3, determine the total watts loss of the machine 
at the load of gection B-1. 


4. Calculate the watts dissipated by free convec- 
tion and radiation in the heat run of section B-1 
from equations 10 and 11. 


5. Determine the watts dissipated by forced con- 
vection in the heat run of section B-1 by subtracting 
the watts dissipated by free convection and radiation 
from the total watts dissipated. 


6. Calculate ki in equation 8, using temperatures 
and the weight flow of air found in sections B-1 and 
B-2, the value of a found in section A-7, and the 
value of gfor found in section B-5. 


7. Calculate the total watts dissipated at the alti- 
tude at which the generator rating is to be deter- 
mined from equations 8, 10, and 11. Use values of 
air density and pressure, and engine-accessory- 
compartment temperature at the given altitude. 
The weight flow of air in a self-ventilated generator 
is directly proportional to the air density. Use 


values of O51’, O32, Gs3, Oa1, Gaz, and@a3 from the heat — 


run of section B-1. 


8. Determine the altitude current rating of the 
generator by entering the watts loss-current curve 
of section A-3 with the total watts dissipated as cal- 
culated in section B-7 


C. Separately Ventilated Generator 


To find the altitude rating of a separately 
ventilated generator, proceed as follows: 


1. Determine the minimum ramming-head cooling- 
air pressure in inches of water available at the en- 
trance to the generator cooling cap at the altitude at 
which the rating of the generator is to be found. 


2. Determine the watts loss that can be dissipated 
by forced convection by the generator with this 
ramming-head pressure at sea level from the curve 
of section A-5. 


3. Calculate the value of ke from equation 9, using 
the watts loss found in section C-2, the weight 
flow of air from section A-2 (correcting for any dif- 
ference between the cooling-air temperatures of 
the runs in sections A-2 and C-2 in determining the 
weight flow), the temperatures from the heat runs 
of section A-4, and the value of a from section A-7. 


4. Calculate the total watts dissipated at the alti- 


tude at which the generator rating is to be deter- 


mined from equations 9, 10, and 11. Use values of 
air pressure and cooling-air temperature and 
density from Figure i. The weight flow of cooling 
air in a separately ventilated generator is propor- 
tional to the square root of the cooling-air density. 
Use values of O1’,Os2,033, a2, and Oa; from the heat 
run of section A-4, corresponding to the minimum 
ramming-head cooling-air pressure of section C-1. 


5. Determine the altitude current rating of the 
generator by entering the watts loss-current curve of 
section A-3 with the total watts dissipated as cal- 


culated in section C-4. ‘ 


AppendixB. Determination ofthe 

Altitude Rating or the Required 

Ramming-Head Pressure of a 

Separately Ventilated’ Aircraft 
Generator 


By the use of certain simplifying assump- 
tions the current which a separately venti- 
lated generator will deliver at altitude, or, 
conversely, the ramming-head pressure re- 
quired to obtain a given current at altitude, 
can be determined from a single sea-level 
heat run on the generator. 

In the following analysis the value of a in 
equation 9 is assumed to be unity; the ef- 
fects of convection, radiation, and conduc- 
tion in cooling the machine are neglected; 
and the watts loss of the machine is assumed 
to vary as the square of the generator line 
current. Assuming a to be unity gives a 
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higher value of fe watts which may be dis- 
sipated by forced convection than is actually 
the case, but the omission of the watts dis- 
sipated by other processes offsets the effect of 
this first assumption. Finally, in a sepa- 
rately ventilated generator, the I?R losses are 
usually at least three to four times the fixed 
losses, so that at the generator’s normal rat- 
ing the total losses vary approximately as 
the square of the current. ; 
From equations 7 and 16, therefore: 


for = K. ——_—— (6; —0 
gt w= 0. ca (Os a1) 
[SoH 
R 
= — 3) 9 
0138+: sl a1) 


T=KiWV pH (Os a1)? 


If we let the subscripts A denote the 
_ value of a quantity at any altitude, and 0 
denote the value at sea level, then: 


% Lisle ‘ (“\F 4) Cone * Jamperes 
~ 4 po /\Ho (Os: — @a1)0 
; ( 


17) 


or: 


: ’ ant ' 
, po \(La ‘[ Same] 

s ae (2 \7) (63, @q1) 4) 

inches of water (18) 


Byer a ‘single sea-level heat run, then, 
Ty, po, Ho, and (@s1’—9q1)o are determined. 


: _ Knowing these, and the density, inletairtem-- 


' perature, and allowable hot-spot tempera- 
ture at the altitude at which the generator 


is to operate, the current which the machine ~ 


will deliver without exceeding its tempera- 


) Bare rise for a given ramming-head cooling- 


air pressure can be calculated from equation 
17. Also, the ramming-head pressure re- 
quired for a given current rating can be 
calculated from equation 18. 
Altitude-chamber tests have been taken, 


and altitude ratings and pressure heads 


calculated from equations 17 and 18 have 


_ checked almost exactly with test values. 
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' For a more fundamental deteulation of’ 
altitude performance, the methods of Ap-— 


pendix A should be used. ' : 


Nomenclature 


A, =area of machine surface for seed 
convection, square inches 
Aj=area of machine surface for free 
convection, square inches 
area of machine surface for radia- 
tion, square inches 
Aq=total area of machine ducts through 
which cooling air flows, square 
inches 
Bm» Bn =ntimerical constants depending on 
type of change of air-flow section 
Cert = over-all thermal conductance be- 
tween machine surface and cooling 
air for self-ventilated machines, 
watts per degree centigrade 
=over-all thermal conductance be- 
tween machine surface and cooling 
air for separately ventilated ma- 


A3= 


Ceep 


chines, watts per degree centigrade” 


p=density of cooling air at entrance to 
machine, pounds per cubic foot 
e=emissivity of radiating surface 
air temperature rise 


machine temperature rise 
g=gravitational constant, 
minute squared 


feet per 


H=pressure head available for foretue ; 


cooling air through machine, inches 
of water j 


jy Links feet 
= ee 
5 LytLe 
L,=horizontal length of machine for 
( free convection, feet 
L,=vertical height of machine for free 


convection, feet 


p =atmospheric pressure, “inches of . 
mercury 
Qtor= watts loss dissipated oy forced 
' convection 


Yiree = watts loss dissipated by a con-. 


vection 


‘ 
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- and page 296; May 1932, pages 347-53; June 


\ gp = esate won deed nice adi ati 

Q=volume flow of cooling air ‘th es gh 

machine measured at entrance, 
cubic feet per minute — 

R=resistance of machine to flow of co “ 

ing air an ns 

Oa = ambient air temperature for i? 

convection, degrees centigrade — 

Qa, =ambient air temperature for f 

convection, degrees centigrade’ | 

Qq3 =ambient air temperature for rad 

tion, degrees centigrade absolute 

@qr =cooling-air temperature rise (ait 

rise) degrees centigrade oy 

@,=temperature difference between 1 ma 

chine phi oe and cooling a air | (sur 


oxidase 4 eae ea ecaeeel 
‘ forced convection, degrees cent 
grade > = 

Os. =machine surface temperature for 


(he =machine asthe temperat ture 
radiation, degrees centigrade @ abso- 
lute ; 


a of ne rab per minu 

Mp =peripheral velocity of rotor, f 
per minute ’ oh 
W=weight flow of cooling air throug : 
machine, nae per minute — a ai| 
Primed anaes are values measured | 
at the cooling-air exit of the mae a 


1, Tue Basic Laws AND Data OF HEAT TRAN! - . 
mission, W. J. King. 
March 1932, pages 190-4; April 1932, pages 27 


pages 410- 14, and page 426; July 1982, ‘pa 
492-7; August 1932, pages 560-5. 


IF YOU THINK IT’S ONLY 
SALES TALK... 


Try an Eldorado pencil at your drafting board! The proof is in the using 
—and an Eldorado gives you superlative proof of ; : 
uniform, accurate grading 
smooth responsiveness 
strength under pressure 
id oot i flawless, opaque lines 
If you are not using an Eldorado—make the acquaintance of 
America’s finest drawing pencil. Send for a Comparison Sample by filling 
out and mailing the coupon below. 


With the pencil, we'll also send a complimentary copy of “I Shall Arise” 
—a portfolio of Typhonite Eldorado pencil reproductions by Samuel 
- Chamberlain. The subjects are buildings of artistic and historical im- 
portance bombed by the Nazi Luftwaffe early in the war. The port- 
folio is most appropriate at this time as a magnificent memento of the 
‘culture and the courage of the countries now rising again as the Allied 


Nations liberate them, one by one. 
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oe ec a a SS ee ee ee ae ee eS ait 
2 PENCIL SALES DEPT. 42-J12, JOSEPH DIXON CRUCIBLE CO., JERSEY CITY 3, N. J. 
Gentlemen: Nibievte ee  e ce ee eeg awecerenennnencnnent 
r - Please send me a Comparison Sample of Typhonite ee Fit BR 
q Eldorado drawing pencil in........degree. Also the Port- ; 
City, Ses! 5. ae es ae eee State mn... des. pele Pee 


r folio of drawings, “I Shall Arise”. 
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At the 3000 KVA, 13200/220- 
440 volt industrial substation 
shown, the S & C Load In- 
terrupter Disconnect and Fuse 
Combinations provide for safe, 
economical load switching and 
short-circuit protection on the 
primary side of the transformers. 

S & C Load Interrupter Dis- 
connect and Fuse Combinations 
for outdoor service simplify in- 
stallation, save space and main- 
tenance. They meet many load 
switching requirements at sub- 
stantial savings. 

Increasing number of installa- 
tions shows a definite trend 
toward this modern equipment 
and wide usage has demon- 
strated its adequacy, reliability 
and economy. S & C Load Inter- 
rupter Disconnect Switches are 
made for both Outdoor and In- 
door installation. 


Consult your nearest S & C sales engineer or write for 
engineering data bulletin. 


* 


SCHWEITZER s. CONRAD, Inc. 


4435 Ravenswood Ave., Chicago 40, U. S. A. 
Supplied in Canada through Powerlite Devices, Ltd., Toronto, Ont. 


LOAD INTERRUPTER 
DISCONNECT 
and FUSE COMBINATION 
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- sulation, although used most extensively for Braided 


ee. 


INSTALLATIONS... i INSTALLATIONS... 


Selection of the right insulation for each installation is of 
prime importance. A single cirtuit may even call for two dif- 
ferent types of insulation, to saféguard against heat or moisture. 


HAZARD Performite 


HAZARD Watertite 
Heat-Resisting Insulation Moisture-Resisting Insulation 
TYPE RH TYPE RW 


HEAT RESISTANCE — The official maximum tempera-: 
ture rating of Performite insulation is 75°C, Code 
Grade insulation limit is 50°C. A given size wire with 
Performite insulation will therefore safely carry 50% 
more current than wire with Code Grade insulation, 
thus providing spare capacity for future use. 


MODERATE ADDITIONAL COST — The 50% added 
capacity of Performite over Code Grade insulation 
increases the cost only 33144% on the average (29% 
on 500 MCM., 34% on 4/0, 41% on No. 2 and 50% 
on No. 4). 


REDUCED CONDUIT COST — Smaller conductor sizes 
enable the use of smaller conduit and fittings, where. 
original wiring is designed for Performite heat-resisting 
insulation. The overall cost of Performite and its small 
conduit is often no greater than the cost of Code Grade 
insulation and its large conduit. Consequently, the 
super-aging qualities of Performite can be obtained at 
practically no extra cost. 


PERFORMITE IN ALL TYPES OF CABLE — Type RH in- 


MOISTURE RESISTANCE — For many years Hazard 
Watertite insulation, made with natural crude rubber, 
had been used for Non-Leaded Submarine and Non- — 
Metallic Armored Underground Cables as well as for 
braided Building Wire for use in moist locations. Be- 
cause of wartime restrictions its manufacture was tem- 
porarily discontinued. 


AVAILABILITY — Now after exhaustive research in our 
laboratories a satisfactory: moisture-resistant insulation 
has been compounded using Buna S synthetic rubber — 
(GR-S). So Hazard Watertite insulation is again avail- 
able. 


TESTS — Long-time water immersion tests, acceler- 
ated aging tests in the air oven and oxygen bomb, 
together with insulation resistance and dielectric 
strength tests, certify to its excellence under moist 
conditions. 


APPROVAL — Hazard Watertite Type RW Wire is 
‘fully approved by the Underwriters’ Laboratories for 
use in moist locations as an alternate for Lead-encased 
Cable. Hazard Insulated Wire Works, Division of The 
Okonite Company, Wilkes-Barre, Pennsylvania. 


Building Wire, is also available in Lead-encased Cable 
for wet locations, in Hazardex Non-Metallic Sheathed 
Cable and in Hazard Armored Cable. 


ARMs 
3809 . 2 aw 
ot Se 


HAZARDY 


insulated wires and cables for every electrical use 
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* SPECIALISTS IN 


Battle Commands 


N a modern U. S. dreadnaught, 

about 2200 telephones and more 
than 300 loudspeakers link all battle 
_ stations. They flash orders and reports 
instantly—make possible the split-sec- 
ond timing that wins battles. 


Vital parts of each telephone and 
speaker are permanent magnets. They 
are also employed in radio and sub- 


detection equipment, firing systems, 


compasses, instruments and numerous 
other devices, raising the total per bat- 
tleship high into the thousands. 


5} 


‘OFFICIAL U. S. NAVY PHOTOGRAPH 


Reach All Hands! - 


Because we manufacture permanent 
magnets for virtually every use known 


to science, our specialized knowledge > 
of design and production is unusually 
complete. If you have a problem in-- es 
volving permanent magnets, our engi- 
neers will be pleased to consult with 


you. Write for a copy of our “Permanent 
Magnet Manual”. | ; 


Copyright 1944— The Indiana Steel Products Co, 


INDIANA STEEL PRODUCTS _ 
Giipangy hi 
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PERMANENT 


6 NORTH MICHIGAN AVENUE so 


MAGNETS 


CHICAGO 2, 


SINCE 


ILLINOTS 
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HEVOLUTIONARY TUBE DESIGN 


Filament Posts 
Exhaust-tube Protective Cap 
Metal Exhaust Tube 


Filament Lead Seal (metal-to- 
glass) 


Low-inductance Grid Terminal 
Entrant Metal Header 

Grid Seal (metal-to-glass) 
Corona Ring 

Filament Terminal Blocks 
Filament Support Rods 
Hard-glass Bulb 

Grid Support Rods 

Anode Sea! (metal-to-glass) 


Filament Heat Shield and Rod 
Reinforcement 


Electrostatic Shield 

Anode Flange 

Anode (4-inch thick copper) 
Grid Welded to Supports 


Tie Wires for Self-Supporting 
Filament Assembly 


Filament Strands 


Common Tie of Self-Supporting 
Filament Assembly 
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HIs Is the story of a new tube design 
that “rewrites the rule book.” 

The tube is the new RCA 9C21, a high- 
power, water-cooled triode . . . which, to- 
gether with its air-cooled twin, the 9C22, 
offers important advantages in high-power, 
high-frequency equipment. In designing 
these tubes, RCA engineers have estab- 
lished new concepts of tube design for such 
service. 

Their goal was higher frequency per- 
formance for tubes of high-power design. 
Drawing upon their years of experience in 
designing and building tubes, they worked 
out unique innovations that produced the 
results they sought. 

For example, one of these innovations is 
an entrant metal header which allows 
short, internal filament leads, and a short, 
low-inductance path to the grid . . . highly 
important factors in improving high- 
frequency performance. 

For industrial oscillator service these 
new design features, shown here in an 
“X-ray” view, give the 9C21 a 50-kw out- 
put at a maximum frequency of 25 me, 
and a 100-kw output at 5 mc or below. In 
high-level modulated service (at 5 me or 
below) the 9C22 provides 38-kw maximum 
output. Thus a pair of 9022 tubes may be 
used conservatively as a tube complement 
for the output stage of a 50-kw transmitter. 

A better tube, for better performance... 
and another example of the engineering 
leadership that makes RCA tubes the 
standard of comparison in the electronic 
industry. 

Remember, the Magic Brain of all elec- 
tronic equipment is a Tube ... and the 
fountain-head of modern Tube develop- 
ment is RCA, 


RCA 9C22, air-cooled 
twin of 9C21, also offers 
high performance in in- 
dustrial and radiobroad- 
cast service 


Listen to “THE MUSIC AMERICA LOVES BEST” 
Sundays, 4:30 p.m., E. W. T., NBC Network 


monte NEW TOOL OF MULTIPLE USES, 


MULTIPRESS is is a new Es Shima: 
chine tool! Compact, streamlined, 
ue completely self-contained, this 
_ bench-size oil- hydraulic ' ‘work 
‘horse’ packs up to 4 tons of accu- 
rately controlled: power, and adapts 
_ that power to an. amazingly wide 
range of operations. Standard fix- 
tures and accessories extend its 
applications to almost every type 
of work calling for pressure—sus- 
tained or in repeat strokes... in ; With Straight | 
single or automatically repeated ening Fixturee}. 
cycles .. . synchronized with index- 
ing tables or other feed mechanisms. 
The basic unit alone, without any 
-of its many accessories, delivers 
downward ram pressures of from. 
300 to 8000 pounds. . . upward 
_/ pressures to 5000 pounds... strokes 
of from 1/16 inch to 6 inches... 
ram speeds up to 200 inches per 
minute downward, or 300 upward. 
Work table measures 10 1/2 x 16 in- 
ches. Opening between ram and 
work table is 1] inches. Write today 


for complete details on MULTI- With Broachir:)) 
PRESS, the NEW W too of Industry's 5 aeactrers 
Right Hand. 
‘The DENISON Engineering Co. 


ae Dublin Road : ‘a Columbus 16, Ohio 


eee eg 


‘Shawing 
Dial-Type Feed 


1 ag With Hopper ai, 
With Motor Driven _Dial-Type Feedo 
Indexing Table 


Late 
$ c Unit 
57, 59 00 


With Honing Be : | 
Fixtures Patents Applied For | 


Equipped for Bee ane 
Automatic Pelleting 
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Specify 


DOLPH’S 
Be eautod 


This insulating varnish possesses excellent ad- 
hesion to metal and for this reason it is ideally 
suited for copper strap coils. Unlike spirit 
varnish, this black insulator. will not chip nor 
flake off. Then too, the film provided is ex- 
tremely tough and has a high degree of flexi- 
bility. | 


- The tough, glossy film of 27 Black Insulator 


affords excellent resistance to abrasive particles. 


lt provides a higher degree of waterproofness 


than spirit varnishes and is absolutely oilproof. 


Supplied at a brushing consistency, #97 


Black Insulator should be reduced 25% for 
‘spray gun application. The proper thinner for 


this grade is DOLPH'’S #27-T. 


66-8 EMMETT ST. 


- 


or Greater Adhesic 
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DOLPH'S 


No. 27 Black Insulator Protects: 


Field Coils Bus Bars 

Motor Frames h Collector Rings 
Commutator Ends Controller Shafts 
Oil Reservoir Interiors Finger Blocks 
Switch Bases ors Fuse Tubes 


Solenoid Coils Soldered Joints 
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A HYDEN T CONNECTION 


i, LOOSEN OR MELT OUT! 


Ss 


-) 


* . 


The Burndy HYDENT connection is one point in © 
the circuit that has caused no concern during this 
period of heavy overloads . . . when the “heat” 
really has been on. Being securely and perma- 
nently indented to the wire or cable with the 
Burndy HYTOOL, no loosening could occur even 
under a dead short! 
- It’s this complete freedom from worry about 
connector troubles that has made the HYDENT 
connection so widely preferred not only by utilities 
and contractors but for electrical equipment as 
well. It provides a permanent connection, of high 
electrical efficiency, and it cuts installation time 
HYDENT connectors, made in the form of 
lugs, links, reducers, taps, tees and crabs, are avail- 
able for all wire and able sizes. For complete 
information, write . . . Burndy Engineering Co., 
107 Bruckner Boulevard, New York 54, N. Y. 


aN CANADA: Canadian Line Materials, Limited, Toronto 13 


r yesh amas Saw omgienpe 0 ey din 


¥ 
_ — 
de ompR Pe 


ta alae 


fe SR at ge EE ee 


8 Please mention ELECTRICAL ENGI. NEERI NG when writing to advertisers 


ee ee ee ee 


~ 


DEceMBER 1944 


DECEMBER 1944 


ONLY G.E. BUILDS ALL THREE 


Wherever d-c power supply is needed look to G.E. for the correct size and type 
rectifier to do the job. G.E. and only G.E. designs and builds the three types of low- 
voltage rectifiers most commonly used. Each type differs in characteristics, basic 
materials and construction. 

Naturally, the conditions under which the rectifier is to operate and the results which 
are to be obtained determine which type will do the most economical, most efficient 
and most satisfactory job. eg : 
In some applications all three types serve equally well. However in most instances 
consideration must be given to space requirements, weight, cost differences, efficiency 
and life expectancy. 

G-E engineers will analyze your rectifier needs and offer their recommendations. 
Whether they recommend copper-oxide, selenium or Tungar you can be sure that their 
selection is impartial because G.E. offers all three. For more information write to Section 
A1247-32, Appliance and Merchandise Dept., General Electric Co., Bridgeport, Conn. 


Hear the General Electric radio programs: ‘‘The G-E 


All Girl Orchestra’? Sunday 10 P.M. EWT, NBC. “The 
World Today’’ news every weekday 6:45 P.M. EWT, CBS. 


GENERAL @ ELECTRIC 
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For Your Postwar Needs in 
Connectors and Related Units 


Will coaxial cable connectors, cable 
plugs or special design parts in this 
general category, play roles in your 
postwar products? If so, we suggest 
you carefully consider both our offer- 
ings and exceptional facilities. 
Connector Division, in addition to 
making © representative line of stand- 
ard units, is uniquely staffed and equip- 
ped to serve your needs in this fleld on © 


a mass production basis, 
Our engineers will be happy to con- ETF eae 
sult with you on specific problems or. SP€Cification, F © with U, § rmy-N 
'? “ING 


send you more detailed information. 


401 N. BROAD ST., PHILADELPHIA 8, PA, 


“FORMERLY CONNECTOR CORPORATION | ie 


—_— 
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SAFE AND SIMPLE TERMINALS are one 
of the accomplishments made possible 


by KERITE ENGINEERING and the 


characteristics of Kerite insulation. 


"THE KERITE {S22 552 COMPANY INC 


NEW YORK CHICAGO SAN FRANCISCO 


Pioneers in Cable Engineering 
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Final amplifier of typical P. A.A. 
ground station showing Eimac 
2000T tube, Eimac Vacuum Con- 
densers and Eimac RX 21 rectifiers, 


Write for your copy of Elec- 
tronic Telesis—a 64 page book- 
let fully illustrated — covering 
fundamentals of Electronics 
and many of its important 
applications. Written in lay- 
man’s language. 


so much to advance the war-time eae of the ' 
nation, has just announced a plan for a new a | 
service to South America. Employing a fleet of ie 
stratosphere planes, carrying 108 passengers, — 4 
flying at more than three hundred miles an hour, x} 
Pan American proposes to take travelers from 
New York to Rio de Janiero in less than twenty 
hours instead of the present sixty-six hours, — 
charging $175 for the trip, as against the c r- 
rent rate of $491. 


Pan American Airways and all its associat 
and affiliated companies, which comprise t ie 
P. A. A. World System, have been using Eimac 
tubes in the key sockets of all ou sta- 
tions for a number of years. ~~ 
Because of the extensive penton of 
Pan American World Airways, these tubes" 
have been subjected to about every test pos- 
sible — altitudes; ground level; extremely 
cold climates and high temperatures found - 
at the equator; conditions of high and low 
humidity; and in some instances, when new 
bases are being built, perhaps somewhat try-} 
ing power conditions. The high regard 
which P. A. A. engineers have for Eimac 
tubes is clearly evidedead by their continued — 
and more extensive use, as the years roll by. 
The fact that Eimac tubes are the number 
one favorite of the commercial airlines is 
important evidence to substasitiate the oft 
repeated statement that “Eimac tubes are 
first choice of leading electronic engineers 
throughout the world.” 


Follow the leaders to 


EITEL-McCULLOUGH, INC., 947 San Mateo Ave., SAN BRUNO, CALIF. 


PLANTS LOCATED AT: SAN BRUNO, CALIFORNIA AND SALT LAKE CITY, UTAH 
Export Agents: FRAZAR & HANSEN, 3or Clay Street, San Francisco, California, U. S. A 
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GLASS SEALED 
TERMINALS 


_ There may be one vulnerable spot in the 
‘design of your equipment that this 
Sota Constant Voltage Transformer will 
correct. eae 
coat Your customers do not have the stable 
_ line voltage called for on your label. They 
will blame your equipment for inefficient 
operation, not the fluctuating voltages that 
~ really cause it. ie 
_ Build this Sota Constant Voltage Trans- 
_. former into your product and you can be 
certain that the operating voltages will 
always be within +1% of rated require-. 


Spotne 
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ments regardless of line fluctuations as 
great as 30%. ; 

This Sota Constant Voltage Transformer 
is built to fit your equipment. (Note the 
small, compact dimensions.) Its low cost 
will fit your production budget. Its auto- 5 
matic operation will eliminate the need for 
other costly components, and relieve your 
customers of the responsibility of making ~ 
manual voltage adjustments. - 

There’s a powerful sales story behind a 
product equipped with a Sora Constant 
Voltage Transformer. 


‘To Manufacturers: 
_ Built-in voltage control guaran- 
tees the voltage called for on your 


label. Consult our engineers on 
details of design specifications. 


Ask for Bulletin ACV-103 


Truhstormeritor: Constant Voltage . Cold Cathode lighting « Mercury Lamps Series Lighting « Fluorescent Lighting « X-Ray Equipment « Luminous Tube Signs ’ 


another SOLA CONSTANT VOLTAGE TRANSFORMER: 


that has an important future in YOUR postwar plans : 


Ne ee eee 


4 


a 
r A ‘cris o - ae 
ae nt ey A eet st, i Sa! 


_Qil Burner Ignition » Radio » Power » Controls + Signal Systems » Door Bells and Chimes « etc. SOLA ELECTRIC CO., 2525 Clybourn Ave., Chicago 14, Ill, 
15 
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1) Fenn the many years WE have fab- unsurpassed background of structural €x- 
ricated and erected steel structures perience. Jt means that each project, no 
for the electric power industry, one charac- matter how large or how small, will receive 
teristic of American Bridge service has had the same painstaking care in planning. fab- 
more to do with the success of the jobs we rication and construction. 
pave handled than anything else. It isn’t Engineering resourcefulness gaV© our Or- 
a tangible factor. We can’t write it into ganization its worldwide scope of operation. 
contracts. But every project penefits from it. This same resourcefulness NOW is enabling 
You may have heard it called engineering us to serve the war needs of our country in 
resourcefulness. pumerous Ways, induding even the manu- 
What is this quality worth to your .+- facture of high-precision military equip- 
It means that every job American Bridge ment. We value this opportunity. But when 
undertakes—whether it is the steelwork for peace returns, youll find us “doing business 
a generating station, the towers for a trans- at the old stand” as fabricators and erectors 
mission line, 4 substation’ structure, or an of structural steel, better prepared than ever 
electrification project—will profit from an to serve your post-war needs: 


MERICAN BRIDGE 


’ « 


District Offices in: Baltimore 


. 


Den : ‘ Boston ° : 
ver « Detroit « Duluth - Minn : Chicago * Cincinnati - 
Fi caida dics eapolis + New York « Philadelphi Cleveland 
yg iene San Franci ; phia - St. Loui 
United States Steel Beport cee reste Distributors a 
’ ew York 


PORTABLE 
PROJECTING 


ELECTRIC, INC. oon 


; Ferranti Electric, Ltd., Toronto, Canada + Ferranti, Ltd., Hollinwood, England 
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Developed for Important 
War Application—Ideal for 
Peacetime EM. and Television 


IGH Frequency applications have a way 

-of throwing existing component designs 
into the discard. Short, heavy leads, low 
series inductance, and other design factors 
assume greater importance. 


Erie Resistor had already had considerable 
experience in designing tubular and disc ce- 


ramic capacitors, and button type silver mica © 


condensers for V.H.F. and U.H.F. equipment. 
Thus, when engineers from one of the coun- 
try’s foremost research and development lab- 
oratories came to Erie Resistor with a new 
capacitor design problem, the answer was 
quickly forthcoming, in the form of a basic- 
ally new style of Erie Ceramicon, pictured 
above. Approximately 60 days later, finished 
units were being delivered for the extremely 
urgent communications equipment for which 
they were designed. 


FOR HIGH ACHIEVEMENT 
IH WAR PRODUCTION 


REG. U.S.PAT. OFF. 


for V.H.F. CIRCUITS 


APPROX. 
DIMENSIONS 


ERIE STAND -OFF CERAMICON 


Maximum Capacity 
17-MMF.—zero temperature coefficient 
30 MMF.—330 P/M/°C »”’ is 
75 MMF.—750 P/M/°C ” ie 
Minimum Capacity, 2 MMF. 


This compact, stand-off Ceramicon has 
mechanical advantages that permit it to be 
rigidly mounted, and support other circuit 
elements. Electrically, this Erie stand-off Ce- 
ramicon has a high resonant frequency, and 
short electrical path to both silvered plates. 
The stability and retrace characteristics of 
Erie temperature compensating Ceramicons 
are inherent in this new unit. 


Is there a place for this new component in 
your designs for war or peacetime communi- 
cations equipment? Or if you have any other 
design problems involving resistors or con- 
densers, our engineers will be glad to discuss 
them with you. 


ERIE RESISTOR CORP., ERIE, PA. 


LONDON, ENGLAND 


* TORONTO, CANADA. 


* x * — Let’s All Back The Attack—Buy EXTRA War Bonds kk 
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GENERAL RADIO COMPANY 
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~NEW 


FREQUENCY 
METER. 
and | E 
MONITOR 


—_e 


~ ORYBTAL SELECTOR 
t Jae 


For measuring and monitoring the carrier frequency of a-m transmitters, these two 
AEN instruments offer many operating advantages over equipment formerly 
available. 


With the Frequency Meter, readings are substantially independent of amplitude 
oi modulation, input waveform and input voltage. Over very wide ranges, changes 
in any of these do not affect the meter indications. The instrument requires no di- 
rect connection to the transmitter ... a foot or two of wire provides ample coupling. 
The indicating meter has six ranges with full-scale values of 200 cycles, 600 cycles, 
2 ke, 6 ke, 20 ke and 60 ke. 


One of the most useful features of the Frequency Monitor is its great sensitivity. 
It can be used to monitor mobile stations. The numerous operating conveniences 
include: a panel switch to select any one of four temperature-controlled quartz 
plates; a “stand-by” control to maintain operating temperature continuously with 
the tube circuits disconnected; positive indication of the direction of frequency de- 
viation; panel terminals for the audio output and for the output of the crystal buffer 
stage for calibrating or adjusting transmitters or receivers. 


You'll find that this combination of instruments is one of the best G-R has de- 
veloped for high-frequency communications monitoring. 
Because we are in full-time production of war orders, none of these instruments 


are available for shipment, and probably will not be until after the war. We ARE 
accepting reservation orders, however, and will fill them in rotation as soon as pro- 


duction starts. 


FREQUENCY METER 


R AN GE: 0 to 60,000 cycles in six ranges 
ACCURACY: +2% of full scale 


INPUT VOLTAGE: Any between 0.25 
and 150 volts 


MOUNTING: Relay-rack panel; walnut 
end-frames (illustrated) for table 
mounting, extra 


TYPE 1176-A FREQUENCY METER 
; e $185.00 


FREQUENCY MONITOR 


CARRIER RANGE: 1500 ke to 200 Me 

ACCURACY: 0.003% with our quartz 
plates 

QUARTZ PLATES: Up to four, not in- 
cluded in price; ground to channel 
frequency 

MOUNTING: Same as Frequency 
Meter 


TYPE 1175-A FREQUENCY MON- 
RMT see eer ch iaas s $250.00 


CAMBRIDGE 39, MASSACHUSETTS 
New York 6 


Chicago 5 
Los Angeles 38 
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Sharper, more brilliant pictures 
than ever before possible are now 
a reality with Federal’s new broad- 
band television technique . . . 


In a revolutionary contribution to 


the television art, Federal’s system _ 


permits combining sight and sound 
on one carrier frequency ... 


For the broadcaster—a single trans- 
mitter, and consequently, lower 
first cost, lower power consumption, 
less space requirement, and fewer 


high power tubes... 


For the television audience — a 
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FINEST PICTURE QUALITY IN BLACK AND WHITE AND IN FULL COLOR! ~— a 


simpler, less expensive receiver, 


more compact and efficient, and re- 
quiring fewer tubes. 


This great forward stride is the 
logical outcome of Federal’s long 
list of achievements in the field and 
the contribution of Federal’s en- 
gineers to the development of the 
“Micro-ray” more than a decade 
ago... the forerunner of modern 
television technique. 


And as a result... Federal has been 


selected by the. Columbia Broad- 


casting System for the construction 


“‘Federal’s modern’ see to 


of its new television transmitte 


atop the Chrysler Tower in ‘Ne 
York. a 


Pe. 


nique will also be reflected in a 
equally advanced Federal te. é 
vision receiver for the home . 
producing the finest picture a 


Federal has the arn 
g 
facilities, the technique, needed t 
build television equipment for an 
broadcasting requirement. For th 


best in television — see Federal mee 


Citadel 194 


. 


Up to this time the usefulness of the heat-resisting 
qualities of Micaglas and other Class B insulating ma- 
terials has been limited because of the relatively low 
heat-resistant properties of even the best conventional 
varnishes, bonds and fillers. 


Now Silicone resins have been developed. Extensive tests 
indicate that some of them will withstand constant tem- 
peratures more than 100° F, higher than the previous high 
point. The net result is that resistance to damage from 
heat is raised to that extent. 


We have combined these: new Silicone resins with glass 
textiles and Micaglas to allow greater use of the heat- 
resistant qualities of glass and mica. 


An idea of the tremendously important result gained is 
seen in the fact that insulation so treated remains flexible 
under 482° F. for 50 hours. At continuous 270° F. for 


Insulation Thermometer for Electrical Windings 


Approximate 3 Approximate 
Economical Gs aaa Broad 
Service 450° Range of 
Range 425 [—\ Usefulness 
pind | ee 
- 350°] National 
National ses:}| -—— Silicone-Treated 
Silicone-Treated 30074 Class B 
Class B ae 
a 
2504 
Conventional 225 — - 
= Conventional 
Class B =200°— Class 
1182) P= 
= 150%) Class A 
Class A 425° = 


ninety days National Silicone-treated coils showed only 
slight aging. The conventional varnish used in Class B 
coils of the same kind in the same test was completely 
disintegrated, 


So important is this new technique to operators of 
rotating electrical machines that it ranks in im- 
portance with the introduction of asbestos and fiber- 
glas as a second great step forwardain the battle 
against heat damage. 


Much Longer Life for Over-Heated 
Electric Windings 


Obviously, National coils insulated with Silicone-treated 
Fiberglas or Micaglas offer relief to the operator who is 
compelled to overload his motors or to operate them in 
high ambient temperatures. Increased life and reduced 
coil trouble result. Where either continuous or intermittent 
heat at or somewhat above the upper limit of conven- 
tional Class B insulation causes trouble, National Silicone- 
treated insulation will vastly improve performance, 


Note that Silicone does not affect the heat-resisting qual- 
ities of the materials with which it is used. It simply re- 
places less heat-stable bonding agents and fillers whose 
low heat-damage levels prevented utilization of the excel- 
lent properties of glass, mica, etc., at higher temperatures. 


Please Note 


Several limiting factors in the use of Silicone varnishes 
must be taken into consideration. Motor bearings are 
subject to heat damage. Electrical joints should be 
brazed rather than soldered. The copper in commutators 
and slip rings anneals at the curing temperature of 
Silicone varnishes. 


Silicone varnishes should not be used indiscriminately. 
Because of factors other than heat, conventional 
varnishes may often be used advantageously. 


AVAILABILITY 


cone Fiberglass and Micaglas insulated coils can now be 
produced in limited quantities. If heat is causing persistent 
trouble give us the facts. 


National Silicone-bonded Fiberglas and Micaglas are already 
available in restricted quantities. National Silicone-treated 
sleeving, tubing and similar products are in production, but 
not yet in sufficient quantities for unlimited use. National Sili- 


Copyright 1944, National Electric Coil Company, Columbus, Ohio 


NATIONAL ELECTRIC (OIL COMPANY 
Kes 


COLUMBUS,OHIO ‘° 


ELECTRICAL ENGINEERS: 
ELECTRICAL COILS AND 


BLUEFIELD,W.VA. 


REDESIGNING AND REP 
ROTATING ELECTRICAL 


MAKERS OF 
INSULATION— 


cy 


AIRING oF 


TRADE MACHINES 


MARK 
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Reduces higher than rating 
line voltages, too. Swelling or 
sagging voltages are han- 
dled with equal ease by “LC” 
Transtat Line Voltege Com- 
pensafors. 


$e Se Bie. 6 Rs 


Dips and peaks in line potential need not 
disturb voltage-sensitive machines and 
devices. The AmérTran “LC” Transtat Line 
Voltage Compensators manually correct 
such fluctuations. They boost or buck 
voltage as needed. In fact, the “LC” 
Transtats combine most of the advan- 
tages of the famous “TH” Transtats with 
some that are peculiarly their own. 


These advantages include lower cost per 
KVA of output and close control in incre- 
ments as low as 0.2 volt without circuit 


AMERTRAN 


MANUFACTURING SINCE 


ie 2 * 


ig ey ote Sh OOO Eo as 
Gage? 


eo 


oh ae 


ao et 8 a 68 Prt s 
FAIRCHILD AERIAL SURVEYS, INC. N.Y.C. 


FS RD aw we 


interruption. Air insulated, designed fori 
continuous operation indoors at fuil load 
they are rated from 2 to 85 KVA, fori 
nominal line voltages to 480, adjustmenti 
range + 10% of line voltage. Alsoq 
available for remote push-button controb 
(LCM). Bulletin 51-2 contains a completes 
description, ratings, prices and sug- 
gested circuits. Write for it, 


AMERICAN TRANSFORMER CO, 
178 EMMET STREET, NEWARK 5, NEW. JERS 


190) AT NEWARK 
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q In order to conserve vital floorspace and to keep the rectifying 
_ €quipment away from a corrosive atmosphere, an eastern manufacturer 
specified that the power supply for the plating tanks be located outside 
the processing room. This meant remote control of tank voltage and 
| _ current. To satisfy this requirement the engineers of the W. Green Electric 
Co., builder of rectifier units, replaced the usual tapped transformer with 
a Motor-driven POWERSTAT Variable Transformer type M1226-3. In: 
_ Sstallation of a push-button station in the plating room to control the 
POWERSTAT’S highly damped synchronous reversible motor provided 
the remote control feature. By simply pressing a button, any current 
from zero to maximum flows through the plating tanks. 


‘The use of POWERSTATS in electroplating offers other advantages in 
addition to finger-tip remote control. Regulation is not limited to 

“steps” but is continuously variable; there is no interruption of current 
so characteristic of the tap changing system; and POWERSTATS have a 
_ long life with no tap switches to wear out. 


For specific information on POWERSTAT control of electroplating 
processes, consult SECO engineers. 


( , Send for Bulletins 149 EE and 163 EE 


SUPERIOR ELECTRIC CO., 245 LAUREL STREET BRISTOL, CONNECTICUT 
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can build that “Out of the Ordinary” Capacitor — 


Pictured above are a few Capa@ttors designed Instrument Designers, Physicists, Scientists, 


for unusual operation...or for some particular Researchers, Experimenters—as well as Com- . 
application which requires not only a special mercial Organizations planning to build that 
container and terminals, but a departure from Electronic Device for tomorrow’s market—ar 


standard internal construction. . invited to avail themselves of our wide experi- 
Whether it be the tubular wax paper Capaci- —_ ence in the design and production of fine Capac- _ 


tor... the wax filled metal cased type...the _itors, Feel free to consult us the next time you 
hermetically-sealed oil impregnated and filled 
type... or the polystyrene types .. . the FAST 
organization can best meet your requirements. 


have a particularly vexing Capacitor problem. 


, har 


f 


CERTIFICATE 
OF ACHIEVEMENT 


It may be of interest to note 

this is the first time in the 

history of the United States 
Navy that any industry 
has been selected for a 

citation of honor and 
achievement. The John E. 

Fast organization is a 

member of this group. 


Capacitor Specialists for a Quarter-Cen ry 
3125 North Crawford Avenue, Chicago é 


Canadian Representatives: Beoupre Engineering Works Reg'd, 
3 2101 Bennett Avenue, Montreal, for Power Factor Correction 7 r 
J. R. Longstaffe, Ltd., 11 King Street, W., Toronto |, for Special Applications. 
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>» Now that the supply of algunos aS the 
demands for military uses, Alcoa Aluminum bus 
bar.shapes and fittings are again available. You 
ean proceed with the extension and modernization 
work held up by previous restrictions. 

Less labor is required to install aluminum bus 
bars. Their lighter weight makes handling and 
erection easier. Supports can be similarly lighter 
and more widely »spaced. Buses can, therefore, 
often be installed without expensive reinforcement 

of ‘structures. 

~ Aleoa engineers will gladly help select Gon.’ 
\ duetor#and fittings for your, bus installations. 

Write ALUMINUM Company® OF AMERICA, 
ae Gulf myilding. PirigDnes 19, pect ay vanie. 


THIS “OLD” WAR WORKER SETS THE PACE 
FOR POSTWAR BUS BAR CONSTRUCTION 


The idea of using structural shapes for electrical conductors was originated by 
Aluminum Company of America; better ventilation and higher efficiency, rigid- 


ity and strength of a girder. This first installation of channel bus bars, installed 
in 1928, has a run of 1,600’. Conductors are 5” Alcoa Aluminum channels. 


ALCOA 


’ 
- 
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Tax Telechron Pre-Selector shown here is an automatically turns the receiver on, at the pre- 
important development for post-war radios. selected station, for 15 minutes—and off at the 
It’s low in cost —recommended for use with _ end of the period, unless the next key is pulled 
moderate-price receivers. out also. Keys are automatically reset to OFF 


_ Buyers will like this easy-to-use Pre-Selector, position after timing periods ae assed. 


with finger-tip control. Each of the 48 keys. _—A flick of the finger sets the keys around 

‘around the Telechron clock dial represents a _ the large and legible clock face. There are no 

15-minute timing interval. Pulling out a key knobs to turn, no complicated settings, no 

ee difficult calculating. Settings can be made as 
much as 10 hours in advance. 


aieeieail 


This Telechron Pre-Selector is only one of 
“a full line of automatic timing and control 


ae aes 


devices which we can supply for post-war home 
appliances. All use the famous self-starting, 
synchronous Telechron motors and move- 
ments. For full information about Telechron 
timers, wire or write Automatic Control 
Division, Dept. G. 


REG. U.S. PAT. OFF. 


WARREN TELECHRON COMPANY ~- ASHLAND, MASSACHUSETTS 
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But You Can Rely Upon 0-B’s 30-Year Record 


Specified M. & E. tests on a switch and bus insulator deal wholly with the 
present--present strength, present dielectric values. They tell you accurately what 
you have zow. But “now“ is only one important consideration in station insula- 

f tion. Ten, twenty, thirty years from now represents service performance and can’t 
a é - be predicted reliably by any known set of tests or specifications” 
a Has O-B anything concrete to offer in the way of looking into the future? 
Just this: Thousands of O-B insulators have rounded out thirty years of station 
service and are still on the job. Big improvements have come about since these 
pioneers went to work. Today’s designs have better reason for such performance. 
It’s a matter of actual record, gained from the longest station insu- 
lator history in the industry, that sound reliability is an integral part of 
O-B Insulation. You can’t assure such future performance by any specifi- 
cations or tests, but you can get it simply by writing “O-B” on your order. 


2495-H 


ae CANADIAN OHIO BRASS COMPANY, LIMITED 
MANSFIELD, OHIO, U.S.A. NIAGARA FALLS, ONTARIO 
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ALUMINUM 
WINDOW 


PICTURES COURTESY LABORATORY DIVISION, FRANKFORD ARSENAL 


hades lS pal than i wink So 


KE/E PING UP WITH 


MAN - MADE HURRICANE 
BLOWS OUT ELECTRICITY. 
Engineers can now “blow out” 
electricity as easily as you ex- 
tinguish the flame from your 
cigarette lighter. Circuit break- 
ers built by Westinghouse un- 
leash a 600-mile-an-hour blast 
of compressed air to snuff out 
powerful short-circuit arcs and 
prevent damage to vital elec- 
trical equipment on power lines. 


The hurricane of air can 
smother a_ 1,000,000-kilowatt 
electric arc in less than a hun- 
dredth of a second. 


REPRESENTATIVES OF 257 
PRE-WAR PROFESSIONS, busi- 
nesses, and trades are now em- 
ployed at the Westinghouse 
operated Naval Gun Plant at 
Louisville, Kentucky. Included 
are: former circus performers, 
several embalmers, a former 
professional hill- billy musician, 
and a pipe-organ builder. De- 
spite their unusual peace-time 
occupations, all here have been 
able to learn the amazing high 
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precision needed in making 


Naval guns. 


A NEW GUNSIGHT LAMP that 
enables American gunners to 
aim directly into the sun and 
yet fire with deadly accuracy 


has been developed for the 


Army and Navy by Westing- 


house Lamp Engineers. Former - 


gunsight lamps allowed gunners 
to aim within only 15 degrees 


of the sun, leaving a oe 


“blind spot.” 


FREE . “Engineering High- 
lights of 1944”—a 32 page book, 
filled with interesting articles 
on new developments in elec- 
trical research and engineering 


in wartime. Write: Westing- 
house Engineer (EE-124). 


High-speed X-ray pictur 


cal. .30 bullet penetr 
ing 1/2 inch thick ar 


penetrating ¥ inch of solid steel armor plate. a 


High-speed X-ray pictu of 
‘same bullet 20 millionths: 
of a second later : 


~ , | 
Westinghouse research engineers have developed ani 


ultra-high speed X-ray tube that makes possible X-r xy 
pictures, taken at the terrific speed of one-millionth of f 
a second. These pictures show armor-piercing bullets; 


The action is 10,000 times faster than any convene: 
tional X-ray— literally 14,285 times quicker than a winkl | 


ta 


Secret of this revolutionary X-ray is the new typ 
tube that can handle a jolt of 2000 amperes, at 300 000 
volts. This is applied in a flash by electrostatic con- 
densers—creating a tremendous surge of X-radiation. — 


With this new X-ray, U.S. Army ballistic experts. 
“freeze” the image of a bullet, while it travels withi 
gun barrel at 2600 feet per second—or study the actio 
of projectiles as they smash through armor plate. 

When peace returns, this new example of Westing 
house skill in research ‘will enable machine builders to) 
study the strains in rapidly moving parts—improve per- 
formance and i increase the life of peacetime preity cS. 


Westinghouse Electric §5 Manufacturing Gerangs 
Pittsburgh 30, Pennsylvania. 


PLANTS IN 25 CITIES ing OFFICES even ivweke 


TUNE IN: John Charles Thomas, Sunday 2:30, EWT, N. 
Ted Malone, Mon. Wed. Fri.,- ‘10:15 pm, EWT, Blue Netw: 


When deliveries 
Start again... 


New car deliveries will prove that happier , ard wrapping procedures, and heat-sealed 
days are here again. Though they look like by baking for only 15 minutes, at 265 deg. 
prewar models, they’ll be better cars—im- _ F. No varnish is used. No additional bak- 
proved in many ways. Harness-type wiring | ing—no cleaning of terminals. Production 
systems wrapped in VINYLITE plastic tape, time cut from 24 hours to 24 minutes. 

for instance, will be far safer and more 
dependable than any former assemblies. 
This unique tape is used on the multiple 
circuit harnesses of almost every combat 
vehicle and truck that’s built today. 


Besides their use as insulating tapes, 
VINYLITE plastics are available as extrusion 
materials for primary insulation, tubular 
jacketing, and conduits. Wherever used, 
they bring new economy and safety to the 
VINXLITE plastic tape gives wiring harnesses __ electrical wire and cable field. You will 
8-way protection. It isnon-flammable,elim- _ probably find them a real investment in— 
inating the fire hazard. It is non-oxidizing | connection with your own products, pres- 


and permanently flexible; has high dielec- | ent or planned. Write for descriptive book- 
‘ tric and high tensile strength; resists chemi- let 1-VR, “Vinylite Plastics for Wire and 

cals and abrasion. Moisture, oils,and grease Cable Insulation.” 

find it practically immune to their deteri- 

orating action. : BAKELITE CORPORATION 

But that’s only part of the story. VinyLITE Unit of Union Carbide and Carbon Corporation 

plastic tape revolutionizes the production . UEC 


‘of wiring harnesses. It is applied by stand- = go East 42ND Street, New York 17, NeY. 


lastics 
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vie. THE “MEGGER”’” INSULATION TESTER 


* 
Trade Mark 


Reg. U. S. Pat. Off. 


te ls R 


The dependability of the “Megger” Instrument for 
measuring electrical insulation resistance is like the 
constancy of Ohm’s Law, on which principle it actually 
operates. This “Megger” method for testing insulation 
resistance is simple and remarkably accurate. The 
principle is precisely the same as it was forty years 


ago and yet it meets today’s needs perfectly. 


You will find the same ruggedness and dependability 
in U.S.-made “Megger” instruments that the electrical 
industry has known for so long a time. 

Let us send you full details on various types and 
ratings. Ask for Bulletin 1685-EE. 


PRINCIPLE OF OPERATION 


In what we term a cross-coil true 


in fixed relation to each other on 
the same pivot-and-jewel moving 
system in the field of a permanent 
magnet. “Current” flows in coil 
A and “potential” in coil B, and 
they are connected so that "their 
respective torques oppose each other. Since there are no con- 
trol springs, the opposing coils give a true ratio of E/I, and 
ohms (or megohms) are indicated directly by a pointer over 
a scale. The readings are independent of the voltage of the 
hand-driven d-c generator, because any change in the voltage 
affects both coils in the same proportion. 


1211 ARCH ST. 


JAMES G. BIDDLE CO. PHILA. 7, PA. 


30 
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ohmmeter, two coils are mounted 


%* You’re peebabty. losing time and — 
money if you are without a cathode- 
ray oscillograph. We can prove it in — 
most cases. In the plant, out in the 
field, in the laboratory, in servicing and 
maintenance—a DuMont cathode-ray _ 
oscillograph is a ““must”’ a 


today. 
DuMont offers a wide choice of typ 
to méet all requirements. 


harmonic content. Also to check phase 
Useful in checking power factor, wel 
ing cycle, relay and circuit breaker — 
operation, etc. Used to check vibra-_ 
tion, dynamic balancing of rotat 


ALLEN B. Ot | MONT LAPGRASORIES 


Pessaic, New Jersey 


Cable Address: 


a Wespealin, New York 
DECEMBER 1944 
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situation — those electrodes with confusing trade 
names and trade numbers. Each manufacturer's identi- 
fication system was different, each one had his own 
special name for electrodes. Thus, for example, one 
particular rod designated by American Welding 
Society as E-6012 had over twenty different trade 
names. And no two trade names were even vaguely 
similar. To a welder selecting a certain rod for a 
definite job these varying trade names were discon- 
certing. They had zo connection with any standard 
welding classification. Unless he had previously used 
the rod or took time to check into its classification, 
he was at a loss to select the correct electrode. 


HERES THE 
ROD YOU WANT 
“ALLIS-CHALMERS 


E-60I2 


00 Bb. Ut G3 Ow Allis-Chalmers has 


cut through this mass of confusion and greatly sim- 
plified the business of buying electrodes. Official — 
AWS classification numbers have been adopted for 
Allis-Chalmers electrode identification. ‘Thus: AWS 
E-6012 becomes Allis-Chalmers E-6012 in the A-C 
electrode line. It’s logical and practical. Correct se- 
lection is automatically assured. 

Shop-tested and production-proven in A-C’s own 
huge plants, these electrodes are available now at 
Allis-Chalmers welding dealers and district offices. 
Write for bulletin B6340. ' A 1780 


ALLIS-CHALMERS 


MILWAUKEE 1, WISCONSIN 


ed AMPAC WELD-O-TRON || ALLIS-CHALMERS | ARC WELDING 
A-C WELDERS D-C WELDERS ELECTRODES ~ Ritcktbolabed a 


oe Aly Tune in the Boston Symphony, Blue Network, every Saturday at 8:30 pm, EWT 


J 
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3 OUTSTANDING NEW FEATURES: 
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The Model 200-I is a resistance-tune q 
audio oscillator designed to a | 
high stability and accuracy for use in | 
frequency measurements. It has e 
from 6 cps to 6000 cps; divided into six frequene 


ranges as ere 6 to 20, 20 to “ 60 =a 


Spring loaded 
gear-drive to 
maintain accuracy 


Biective a acy of Ber ae foe Fas LS 
and extremely accurate settings are made easi 
with this dial. There are two manual one 


oP 


is included to assure acaty icatvee stabil 

The Model 200-1 -Ap- Audio Oscillator is bu 
one among many new -Ap- instruments which ai 
to make iat “ce gee as Gg cloak ie | 


_ information is svailabhel on this ; instrument 
-.. write for it! And watch for the early relea: e 
other new -4p- instruments. 


_*This frequency coverage was selected for interpo - 
tion work. Other frequency ranges can be suppl ied 
from 6 cps to 100 ke on special order, 


ca 


| HEWLETT-PACKARD COMPANY . 
930 P. O. Box 930B, Station A + Palo Alto, Calliornta 
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DON'T LET OLD-FASHIONED RESISTORS 
CRAMP YOUR ENGINEERING STYLE! 


The only 

Resistors 

wound with 

CERAMIC-INSULATED 
WIRE 


INSULATION APPLIED 


BEFORE WIRE 1S WOUND 


A Major Resistor Improvement—Nof just a minor change 


Don’t waste time engineefing “around” 
the handicaps imposed by conventional 


and guards against shorts and changed 
values. They give more resistance in 


resistors! Use Sprague Koolohms and get 
exactly what you want. 


No power resistor can be one whit better 


than the insulation given its windings— 
and Koolohm ceramic insulation applied 
to the wire before it is wound gives you 
the maximum in this respect. Koolohms 
can be used safely up to their full rated 
wattage values. Their use of insulated 
wire permits larger wire sizes to be used, 


smaller size, and are readily adaptable to 
almost any mounting style best suited to 
your production. 


Standard Sprague Koolohms include 
5-to 120-watt power types. Other Sprague 
Resistors include bobbin types, hermeti- 
cally sealed power resistors, 5- to 150- 
watts, and meter multipliers. Write for 
new catalog—just off the press. 


SPRAGUE ELECTRIC COMPANY, Resistor Division i 7 


(Formerly Sprague Specialties Co.) 
North Adams, Mass. 


SPRAGUE KOOLOHMS 


Totally Different... Outstandingly Superior 


*TRADEMARK REG. U. S. PAT. OFF, 
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CONTINUOUSLY — 
ADJUSTABLE CARBON 
RHEOSTATS 


(CARBON PILES) . 


Under impetus of war requirements de- 
manding resistance adjustments for more 
critical, more precise, smoother, and more 
dependable control than is possible with con- 
‘ventional variable resistance units, Stackpole 
engineering has developed the Continuously _ 
Adjustable Carbon Rheostat formed of car- 
bon disc piles to a high degree of efficiency. 
Simply by changing the pressure applied to 
the pile, every possible resistance value with- 
in its range is available without opening the 
electrical circuit in which it is connected. The 
pressure to vary the resistance to the most 
critical adjustment may be applied electri- 
cally, mechanically, centrifugally or hydrauli- 
cally. Uses range from both generator and 
line voltage regulator applications to remark- 
able speed control through governed field 
current on motors. Many other projects in- 
corporating the Carbon Pile Resistor are 
now in the development stage. 

Stackpole regularly supplies Carbon Piles. 
in practically any length pile and diameter 
required. Resistance ranges have been ma- | 
terially expanded and a greater degree of 
resistance variation may now be obtained in 
a pile of a given size. Careful engineering 
control of manufacture assures a high degree 
of uniformity on a quantity production basis. 
Write for bulletin giving complete data. 


——— ” 


* 


~ 


A) My + 


Z 9 - 


idan 


rant OA re 


STACKPOLE CARBON COMPANY 
St. Maryse Pa, 


OTHER STACKPOLE PRODUCTS. 


7 


BRUSHES - CONTACTS (All carbon, graphite, metal, and composition types) IRON CORES RARE METAL CONTACTS 
WELDING CARBON PRODUCTS VOLTAGE REGULATOR DISCS BATTERY CARBONS a 
PACKING, PISTON, and SEAL RINGS POWER TUBE ANODES, etc. a 
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Typical of the many 
varieties of Permanent 
Magnets designed and 
made by Cinaudagraph 


Unmagnetized . . . none 


a ! ~ 
Magnetized... 47 a H- dB ergs/c.c. 
After Years ... no loss of service 


Jon't blame us for the queer looking formula. 


Jur engineers told us one day that it is the 
mount of energy we put into our magnets. 
‘hree hours of pencil chewing and six aspirin 


ablets later, we gave up the whole thing as a 


yaad job, and are passing it on to you. They | 


aid they'll be glad to explain it,.so drop us a 


ine. We'll get out of range and act as referee. 


CINAUDAGRAPH CORPORATION 
-SELLECK STREET STAMFORD, CONNECTICUT 
- -12-CC-4 


CINAUDAGRAPH 


CORPORATION 
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OWAN CONTROL 


THE ROWAN CONTROLLER CO., BALTIMORE, MD. 


R 
RI 
i 


This is a THIRD RAIL 
INSULATOR 


@ Odd shapes and sizes,— variety in design is our 
specialty. Our production equipment and facilities 
are not limited to “round insulators”. And regard- 
less of size or shape you'll find Universal “dry 
process” porcelain to be of uniform high quality, 
having high dielectric strength; will withstand 
thermal shock and arcing; non corrosive; resists 
acids and will not carbonize. Send blueprints of 
your requirements. 


rHe UNIVERSAL cuay propucts co. 


1560 EAST FIRST STREET SANDUSKY, OHIO 
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~ MATTHEWS: 
HOLDFAST LAMP 
CHANGERS 


Removes and replaces |. 
‘lamps in high places, such as 
ceilings, side walls, electric 
signs, etc. Like a human hand 
on the end of a wooden pole. 
Saves time and prevents lad- 
der accidents. 


To remove or replace lamps 
' from side walls or at an 
angle, pull cord attached to 
the swivelled ring. This 
bends the wristlike coil 
spring so that the Changer 
will work just as well at a 
right’ angle to the rotating 
pole as in vertical position. 
Shipping weight each, 1 
pound. 


No. 2 


For 50-Watt Rough Service, 15 to 
100 Watt Mazda and other lamps up 
to 3 inches in diameter. 


12 7 
’ 6 More 
Price Each| $5.00 |$4.75| $4.50 


. Less ’ 
No. 2 Than | 6to11} 


‘No. 3 
For 60 to 500 Watt Mazda Lamps 


and other large and odd shapes up 
to 5 inches in diameter, 


More 


Price Each! $5.50 |$5.25| $5.00. 
ee All Prices F.O.B. St. Louis, Mo. 


Specially treated wood handles can 
be furnished in 6-foot sections at 
$3.75 per section including couplings. 


Your Electrical Supply Jobber |_| 
Will Fill Your Order. 


Less 
No. 3 Than |6to11| 120r 
3556 


‘W. N. MATTHEWS 


CORPORATION 
ST. LOUIS, U. S. A. 
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Sturdily constructed to aviation 
specifications, and of immensely 
simplified design, Series 5|0XBX 
2-coil Relays are an important addition to the 
well-known line of Struthers-Dunn ‘NMemory”’ 
_ types. A new style positive interlock between the 
two symmetrical operating elements represents 
latch-in relay construction in its simplest, most 
dependable form. This latch requires no ex- 
traneous parts other than integral extensions of 
the sturdy coil ‘‘armatures” themselves. It oper- 
ates positively from a momentary impulse and a 
minimum of power. Application of power to one 
coil latches the contacts into one position. 
Power then applied to the other coil throws 
the contacts into a latched-in second position. 


i 


MORY” RELAY SERIES 


Simplified Interlock —Symmetrical Design 


A third-“unlatched” position, valuable for certain 


applications, can be obtained by energizing both 


coils simultaneously. 

The 50XBX design makes it easy to obtain 
make-before-break, or break-before-make con- 
tact combinations, Contacts do not interrupt the 
coil circuit until the “throw” is entirely com- 
pleted and contacts are locked in the new position. 
. Struthers-Dunn Memory Relays of this general 
type are produced in ratings from 6 to 200 
amperes or more, and with practically any 
desired contact arrangement. Standard types pro- 
vide for two auxiliary contacts, one in each coil 
circuit. The use of auxiliary contacts makes it. 
possible to obtain operation over an extremely 
wide range of voltages, a-c or d-c. 


STRUTHERS-DUNN, INC., 1321 Arch Street, Philadelphia 7, Pa. 


DISTRICT ENGINEERING OFFICES: ATLANTA © BALTIMORE ¢ BOSTON ¢ BUFFALO ¢ CHICAGO ° CINCINNATI © CLEVELAND e DALLAS « DENVER © DETROIT ¢ HARTFORD 
{INDIANAPOLIS « LOS ANGELES « MINNEAPOLIS « MONTREAL » NEW YORK « PITTSBURGH « ST. LOUIS » SAN FRANCISCO © SEATTLE ¢ SYRACUSE ® TORONTO » WASHINGTON 
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NONE BETTER IN AMERICA FOR RADIO 
AND ELECTRONIC PARTS AND EQUIPMENT 


‘Weston 21” Model 114”” dhametsrni"s" deop 
506 Miltiammeter” ee Va” shatt-—%%” Tone ‘ 


B.C. 0-200 Your Cost .....89¢ 
Your Cost, either 


F Micro- Switch, Tye : 
25 volt condenser. S.P.S.¥. Normally posed 


1 

4 

in aluminum can, oro: Switch, similar to | 
Your Cost...:..29¢ 9. above but normally open. 


Your Cost, either tyne, 79¢ - 


@ The finest miercpandice from the best 
manufacturers 


@ Large and complete stocks of com- 
ponents and equipment 


3 
| 
@ A seasoned selling staff of radic and 
electronic experts ~~ i 
@ Consultant radio technicians and en: - \ 
gineers | 


.@ Same-day shipment, wherever hu- 
manly Peesibie 


@ Super-speed ‘special service’ for 
‘military and pig uetiG! needs 


FREE! Special Supplement! 
"Hard-to-Find Radio and id 
Electronic Parts and Equip- 
ment'' . . . Sixteen pages, 
jammed to the margins with 
such items as condensers, 
wire, switches, volume con- 
trols, relays, resistors, test ac- 
cessories, speakers, etc. There's 
not another listing like it any- 
where in the country today. 


We are in Full pr ae on fan 
Sealed Transformers and ready to accept order 
or short delivery. 


| CONCORD RADIO CORPORATION 
901 W. Jackson Bivd., Chicago 7, Ill, Dept. C-1 24| 


| Please rush me the new 16-page ‘’Special | 
t Supplement’’ by Concord Radio Corp 


CONCORD RADIO CORPORATION DIVISION OF 


ESSEX WIRE CORPORATION 
350! WEST ADDISON STREET 


CHICAGO, 18 


Lafayette Radio Cotpotation 


901 W. Jackson Bivd. 265 Peachtree Strect 
CHICAGO 7, ILL. ATLANTA 3, GA. 


38 Please mention ELECTRICAL ENGINEERING when writing to advertisers DECEMBER 1944 


VABNISHES 


Dow Corning Silicone Varnishes are help- 
ing to create a new class of insulation— 
insulation in a class by itself for thermal 
stability, moisture resistance and freedom 
from overload failures. 


They provide the bonding and filling me- 
dium for inorganic, or Class B, spacing 
materials such as Fiberglas, asbestos and 
mica, which are natural components of this 
type of insulation. 

Dow Corning Varnishes open the avenue 
to the designing of more compact, lighter 
weight electrical equipment. 


CORPORATION 
MICHIGAN 


CORNING 
592, MIDLAND, 


DOW 
BOX 


ales )eaapepbtinge 


High Temperature 


Silicone Insulation 


DOW CORNING 993 ... available in commercial quantities, 
is a heat curing, high temperature stable silicone varnish 
for impregnating motor stators, transformer coils and other 
electrical equipment; for varnishing Fiberglas or asbestos 
served magnetic wire; for varnishing Fiberglas and asbestos 
electrical insulating cloths, tapes, tying cords and sleeving; 
for bonding Fiberglas and mica combinations. 


> ; hee 
3 et te 
2° eh" egret ret «5 
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ENGINEERS: Here's 
the BIG POINT about 


AMPERITE 
REGULATORS 


BATTERY VOLTAGE 


VOLTAGE OF 24V_ | WITH AMPERITE 
BATTERY & CHARGER, VOLTAGE VARIES 
VARIES APPROX. - ' ONLY 


MPERITE CO., 561 Broddwag: New Y York (12), N.Y. 
In Canada: Atlas Radio Corp., Ltd., 560 Xing St., W. Toronto 


Paper capacitors, 
including uncased 
sections, tubulars, 
metal-case _— types, 


etc, 
e 


Oil-filled, from tiny 
tubulars to giant 
$0,000 vi. DIG Ws 


units. 
e 


Widest choice of 
electrolytics—tubu- 
lars, cardboardcase, 
metal-can, etc. 


High-capacity AC 
electrolytics for 
motor-starting func- 
tions. 


Exceptionally com- 
plete line of mica 
capacitors, from tiny 
“postage - stamp’’ 
types to large stack- 
mounting units. 


AEROVOX CORPORATION, NEW BEDFORD, MASS UL SOA 
Export: 13 £. 40 Sr. NEW YORK 16, N.Y. > Cable: ‘ARLAB' - 


@ The Aerovox line of capacitors is mh 
geared to the coming Electronic Age. ,T 
widest choice of types, capacitances, Wan. 
ages, terminals, mountings, etc., means 
that the radio, electronic, electrical or 
industrial engineer, designer or manu- 
facturer, can secure his exact capacitance 
requirements. ® Submit that capacitance 
problem for our engineering collaboration, 
recommendation, quotation. Literature on 
request. 


INDIVIDUALLY TESTED 
SALES OFFICES IN ALL PRINCIPAL CiTIES 
In Canada: AEROWOX CANADA LTO., Hamicton, Dar 


witable for all trans- 


e of housing as /au housed in 


hes its are 
= eae Cc uni 
structures tang 
cases made 
Pe 2 
roe tad ene te typified by the now far’ 
ded c@ oh 


e c 


tings ++ 
mounting) ie th 


themselves 
tunable im 


e construction o 


: Flic es 
“a break in circuit or insula= 
tion. | Every bees i oe 


“exer ELECTRIC MFG. CO. 
4519 Hamilton Ave., N.E., Cieveland 14, Ohio 


bien it ai titi Be ab iis 
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RADIO, SOUND AND COMMUNICATIONS 
os EQUIPMENT? | 


Loud Speakers. Phonograph Cutting Heads 
Headsets ; _ Phonograph Pick-ups 
Microphones z Vibration Pick-ups” 
Hearing Aids . : a Polarized Relays 

Electrical Musical Instruments Generators 
Sound-powered Telephones =‘ Meters 

Telephone Ringers : Magnetron Fields 

Voltage Regulators 


- AUTOMOTIVE AND AVIATION 
EQUIPMENT? 


Magnetos Motors 
Tachometers Speedometers 
Compasses Generators 
Voltage Regulators Magnetic Oil Filters 


INSTRUMENTS? 


Ammeters } Watt-hour Meters 
Voltmeters j Fiow Meters 
Galvanometers ee Light Meters : 
Seismographs A QA Cardiograph Recorders 
Oscillographs Vibration Pick-ups” 
Flux Meters | 


MISCELLANEOUS PRODUCTS? 

Magnetic’ Separators - Circuit Breakers ~ 

. Magnetic Chucks Limit Switches . 
Magnetic Conveyors . Holding Magnets 

: Magnetic Clutches. ne Clocks 
Magnetic Damping Devices ‘\ Toys and Novelties 
Arc Blow-out Magnets . |. Coin Separators for . 
Temperature and Pressure Vending Equipment 

Control Equipment ; 


F YOU make any of the above prod- 
ucts, it will pay you to find out how 
better permanent magnets can im- 
prove efficiency and reduce costs. Put 
your design, development or produc- Bray. | 
tion problems up to The Arnold Engi- EWI cer your 
i . yineers ~ copy of this valu- 
neering Company ies enginee Rd Marae Hoe 2 
have been of great assistance to many _—ute manual on the 
j 3 design, production 
manufacturers and are at your service and application of 


: . modern Alnico per- 
to advise exactly what Alnico perma- anent magnets. 


nent magnet will solve Write us, on your 
4 s company letterhead, 
your particular problem. _ today. 


MORGANITE 
BRUSHES 
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THE ARNOLD ENGINEERING (‘OMPANY 


14.7 EAST ONTARIO STREET, CHICAGO II, ILLINOIS 


Specialists in the manufacture of ALNICO PERMANENT MAGNETS 


HERMETICALLY SEALED FILAMENT | 
TRANSFORMERS TRANSFORMERS 


OIL-COOLED PLATE SUPPLY PLATE MODULATION 
TRANSFORMERS A TRANSFORMERS 


THE ACME ELECTRIC & MANUFACTURING CO. * CUBA, N.Y. © CLYDE. N. ¥. 


- oe ee 


G-E Safety Door 
Interlock Switch 


@pen the door and the power’s 
off! Prevents accidents, pro- 
tects equipment. Will not fail 
mechanically. For complete 
details, write: 


GENERAL @ ELECTRIC 
ELECTRONICS DEPARTMENT < SCHENECTADY. N.Y. 


ELECTRICAL DESIGN ENGINEER 


A graduate electrical engineer, 30 to 40 years of age, possessing supervisory 
ability, experienced in the design, layout, and specification of electrical equip- 
ment for chemical manufacturing plants. 


Ded ete should be well grounded in the fundamentals of electrical theory 
and have a working knowledge of practical electrical problems. 


Give full experience, education, age, present salary and salary expected. 
Enclose snapshot. 


It will be necessary to observe the rules and regulations of the War Man- 
power Commission. 


Location—Wilmington, Delaware. Postwar opportunity, 


E. |. DU PONT DE NEMOURS & Co. 


Personnel Division 


Wilmington 98, Delaware 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


|| Assistant to Superintendent, operating. (d) Gen- 


| filters and principles of electronic devices used in 
| communication systems, Must be familiar wit 


| NEER with experience in the design and manu- 


| have to sponsor the design and manufacturing ‘ 


New York Boston San Francisco’ 3 


8 West 40thSt. 4 Park St. 57 Post St. 


Chicago Detroit a 
911 West Wacker Dr. 100 Farnsworth Ave. 


In applying for positions advertised by the Service, the 
applicant agrees, if actually placed in 4 position through 
the Service as a result of these advertisements, to pay & 
placement fee in accordance with the rates as listed by the 
Service. These rates have been established in order to” 
maintain an efficient, non-profit personnel service and are 
available upon request. This also applies to registrants — 
whose notices are placed in these columns. 4 


All replies should be addressed to the key numben | 
Indicated and) sailed tithe New York Office. 


> | 
Men Available + | 


IND. ENGR., member AIEE, with broad exper, | 
in all problems of mfgr, selling, accounting and | 
finance. Twenty yrs. successful executive record. | 


Familiar with Government regulations. E-86. : 


Positions Available 


INSTRUCTOR of Electrical Engineering with 
a knowledge of radio. Salary, $3120 a year, | 
more. Location, Texas. W-4546. s 


ELECTRICAL ENGINEERS with distribu-" 
tion and operating experience for foreign work. | 
(a) Distribution Superintendent. (b) Electrical | 
Engineer with general utility experience. (c) 
eral Superintendent, operating small hydroplani a 
ee aes Spanish. Location, South America. | 


.- 

“ELECTRO-CHEMICAL OR ELECTRICA 
ENGINEER with experience in the electr 

chemical field for sales engineering and service on 

a new machine. Salary, $6000-$7000 a year. 

Location, northern New Jersey. W-4581. ih | 


" } = 

SALES ENGINEER, electrical, for the sale of — 
relays, timers, thermostats, and voltage regula- 
tors. Applicants not having experience in this | 
line but interested in entering the sales engineering — 
field will be considered. Location, Connecticut. 
W-4602. : 7 


ENGINEERS. (a) Code Circuit Engineer, 
graduate electrical, preferably with knowledge of, | 
and experience in, the design, adjustment ane 
operation of small direct current relays and relay | 
circuits similar to those used in automatic tele- | 
phone equipment or signaling systems. Must be | 
able to master, promptly, the operation of com- 
plicated relay circuits used in code transmitting |} 
equipment, and beable to properly usescientificlabo- } 
ratory instruments. Must have good personality. — 
(b) Communications Engineer, electrical graduate, | 
preferably with first hand experience in the in-— 
stallation and operation of railroad communica | 
tion circuits and equipment, more particularl | 
telephone and telegraph. Must have a thorough | 
understanding of higher mathematics used in de- 
signing and testing communication circuits, prin- 

ied | 


- = 


ciples underlying the design and test of electri 


+ 0 ar ae 
f 


scientific laboratory instruments, D.C. relays, ar 
eats relays. Location, upstate New Yor 


ENGINEERS. (a) Designer, electrical gradi 
ate, 30-40, experienced in the design, layout an 
specification of electrical equipment for chemica! 
manufacturing plants. Should be well grounded — 
in the fundamentals of electrical theory, and have | 
a working knowledge of practical electrical hank 


t 
| 
i 
; 
} 
| 


lems. Location, Delaware. (b) Power, Mechani. f 


cal or Electrical Engineers, 26-35, with aptitud 
and experience in heat balance thinking, for work 
devoted to plant improvements, results engine 
ing and effecting economy in the generation and 
consumption of steam, electricity, compressed air i 
water and refrigeration. Locations, throughout | 
the United States. Apply by letter, giving age, _ 
experience, education, present and expected salary 
and enclose a snapshot. W-4632. : , 


ELECTRO-MECHANICAL DESIGN ENGI 
facture of two pole turbo type alternators. Will! 


Processes of a line of alternators ranging from 

3000. SW ito Zen Kw industre, | and upon occas 
echnical assistance in selling, ion 

New York State. W-4639. Poonane aeGAS 
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BLACK & VEATCH 
Consulting Engineers 


_ Water, Steam and Electric Power Investiga- 


tions, Design, Supervision of Constructions, 
Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


REG. 1911 __ MEM. A.LE.E. 


CHRISTIAN E. BROWN 


Mechanical and Electrical Engineer 
DESIGNS—SPECIFICATIONS—REPORTS 
Tel. 6604 MANCHESTER, CONN. 


Member A.LE.E. 
JULIEN H. DAVIS 


Consulting Engineer 
Industrial 
Utility—Electrical—Mechanical 
1007 S. Windsor Blvd., Los Angeles 6, Calif. 


* 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


JACKSON & MORELAND 


Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


M. F. M. OSBORNE 
ASSOCIATES 


Consulting Physicists 


Mathematical Analysis of Physical Problems. 
Electronic Design. Fluid Dynamics, 
Mechanics. Literature Surveys, Reports 


703 Albee Bldg. Washington 5, D. C. 
District 2415 


Z. H. POLACHEK 
Reg. Patent Attorney 
Professional Engineer 
PATENTS OBTAINED & SEARCHED 
for any invention in U.S. Pat. Off. 
1234 Broadway Phone 
(At 31 St.) NEW YORK = Longacre 5-3088 


SANDERSON & PORTER 


ENGINEERS—CONSTRUCTORS 
FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 
Chicago New York San Francisco 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


‘THE J. G. WHITE 
Engineering Corporation 
Design—Construction—Reports— 
Appraisals 


80 BROAD STREET NEW YORK 


WESTCOTT & MAPES INC. 


Architects & Engineers 
Power Plants Public Utilities 
s Industrial Plants 
New Haven, Conn. 


J. W. WOPAT 
Consulting Engineer 


_TELEPHONE ENGINEERING 


Construction Supervision 
Appraisala—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans Organizations Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 


WANTED 


Copies of the January, February, March 
(1944) issues of ELECTRICAL ENGI- 
NEERING. Please mail (parcel post) to 


American Institute of Electrical Engineers, 
33 W. 39th St., New York City, printing 
your name and address upon the enclosing 
wrapper. Twenty-five cents plus postage, 
will be paid for each copy returned. 


VIBROTEST’S non-cranking fea- 
ture is a great advantage. For test- 
ing insulation resistance, distribu- 
tion transformers and long lines, 
Model 211 Vibrotest is well 
adapted. 


Range 0-2000 megohms, 0-200 

megohms at 1000 V. potential. 
Self-contained power supply. Com- 

plete with batteries and leads. 

No cranking, no external power supply 

required, has wide open scale. 


There is a 
VIBROTEST Model for 
Every Requirement 


“No need. of level 
nor crank!” 


Model 211 VIBROTEST 


Wire or write for literature with - 
full details each model. Send us 
your problems. 


Engineering Service in all principal cities. 


ASSOCIATED —@ 


) 
RESEARCH. 


of72 COtMAO4twZea 


221 South Green St., Chicago 7, Ill. 
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WHAT WILL YOU NEED TO PRODUCE BETTER 


POST-WAR PRODUCTS ?  auisg. 


LAS 


‘Special Electrical Qualities 
Thermal Endurance 
Hermetic Sealing 
Mechanical Strength 
Corrosion Resistance 
Precision 
Permanence 
Metallizing 
Dimensional Stability 


High dielectric strength — high resis- 
tivity—low power factor—wide range 
of dielectric constants—low losses at 
all frequencies. 


Permanent hermetic seals against gas, 
oil and water readily made between 
glass and metal or glass and glass. 


Commercial fabrication to the fine 
tolerances of precision metal working. 


Corning’smetallizing process produces 
metal areas of fixed and exact specifi- 
cation, permanently bonded to glass. 


A YOU plan post-war electronic products, give a thought to versatile glass. We { 
really mean glasses, for Corning has, atits fingertips, 25,000 different glass formulae 

from which to select those especially suited to your electronic applications. Let us show 
what glass can do for you. We may already have a solution — or Corning Research can 


find the answer for you. Address Electronic Sales Dept.,N-12,Bulb and Tubing Division. 
Corning Glass Works, Corning, New York. 


AMMHED 


LORNING WZ c Glassware Ki 


means — PYREX 
Hesearch in Hee Zs 


“PYREX” and “CORNING” are registered ROE 2 of. Corning Glass Works / 4 
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Type E-236 potential transformer, 24,000 Sore = 
volts, for accurate metering service and relay 
operation 


ASA Burden |-* 


efe ° ASA Accuracy Class 0.3 0.3 0.3 0.3 
Accuracy Classification 
) This means that with standard ASA burdens the ratio correction 
Helps You KNOW It Ss the factor and the transformer correction factor will be within the 
7 limits of the ASA accuracy class 0.3. 
Right Transformer ee 
for the Job NEMA Burden we) x 2 ee 
NEMA Accuracy Class A Vy Vy Y% 
HE new ASA system of accuracy 
f : i This means that with standard NEMA burdens the ratio error and 
classification has made possible the the phase angie-will be within the limits of the NEMA 14 accuracy 


most precise method yet devised for class. 


selecting instrument transformers. It en- 
ables you to select the most suitable 
transformer for the job to be done. 


For example, different applications often require 
different transformer characteristics. A current trans- 
former that is satisfactory for metering purposes (highest 
accuracy up to 100 per cent of its current rating) may 
not be satisfactory for relaying purposes where the over- 
current characteristics (currents as high as 20 times 


normal) must be considered. 


All G-E instrument transformers are classified in 
ordance with the new ASA system of accuracy classifi- FOR A BETTER UNDERSTANDING OF ACCURACY CLASSIFICATION 


é : : This publication explains the ASA accuracy 
ation. A thorough knowledge of this system will help you standards. foredrrent anid aerate 
are i li- formers and shows how they differ from the 

n the selection of transformers for your particular app NEMA gtandards..Alko, you sumone: ta 
‘ation. General Electric Company, Schenectady 5, N. Y. booklet a handy guide to the selection of G-E 
instrument transformers. Ask for Bulletin 

Buy Bonds —and keep all you buy GEA-4240. Address the nearest G-E office. 


GENERAL @ ELECTRIC 


“MR. TROUBLE- SHOOTER 


Thanks, Mr. G. I. You’re close to our 
thoughts. All of us in radio know the 
world-wide job you’re doing in the 
Signal Corps. 

We know who you are. You're the 
radio ham across the street, the boy 
home from college who burned the 
midnight oil in the attic and rigged 
his aerial from the highest mast. 
You’re the telephone man. You’re the 
obliging young fellow from the light- 
ing company. You're the serviceman 
who fixed our radio set the day before 
the World’s Series. You’re the radio 
engineer who added brains to that set. 

We don’t know where you're seeing 
action but we know that you are help- 
ing it. Crawling out ahead of artillery. 
Scrambling from one fox-hole to 
another. Relling up telephone, wire: 
almost to the muzzles of enemy guns. 
Operating and servicing communica-~ 
tion systems so that the attack may 
roll forward. Hunting booby traps. 
» Saving lives. 

Come back, Mr. G. I., just as soon 
as your trouble-shooting is done. Radio 
will need you—your skill—your sure- 
ness. Radio will not forget your ‘pa: 
in victory. Solar Manufacturing Corp : 
285 Madison Ave., New York 17, N.Y Samo 
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